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Laboratory Manual

INTRODUCTION

Special Announcement: You will encounter challenging puzzles and explore new and exciting
physical phenomena. You will be provided with sufficient tools, guidance and other resources,
but what you learn depends on your inquisitiveness and creativity.
This laboratory course is designed to serve two purposes: 1) To explore a variety of physical
principles using the fascinating and diverse behavior of light. 2) To learn some of the principles
behind the pervasive and expanding area of optical and laser technology. This course is suitable
for students of science, life sciences, and engineering, or any student who is curious about light.
The prerequisites are the level of quantitative sophomore Physics 142 or Physics 212 or an
equivalent background covering basic electromagnetism and optics. A quantitative laboratory
course in the sciences or in engineering is also a prerequisite.
Lasers and modern optics is perhaps the fastest growing area of scientific research and technological development. Most professionals in physics, astronomy, other sciences, and most engineering disciplines will employ lasers or modern optical technology at some point in their careers. For example, lasers are used in astronomy, biology, chemistry, dentistry, entertainment,
forestry, geology, holography, inspection, laproscopy, medicine, nuclear physics, ophthalmology, physics, recycling, surgery, telecommunications, urology, video, welding, xerography, zoology–the list goes on and on.
“Nearly one-third of today’s experimental papers in physics and chemistry report upon the
use of lasers. Laser applications outside of the sciences are equally diverse…”, wrote Professor
John R. Brandenberger of Lawrence University in his 1989 report Lasers and Modern Optics in
Undergraduate Physics. The Optical Society of America has recognized these principles and has
prepared comprehensive guides to courses and degrees offered in optical and laser physics
throughout the world. Among Universities and Colleges in the United States listed in 1992, at
least 15 institutions offer undergraduate degrees in optics, 42 more institutions offer undergraduate concentrations in optics, and another 105+ institutions (including UNL) offer two or more
undergraduate courses in optics.
The fields of modern optics and lasers are receiving increasing attention at the University of
Nebraska in science and engineering disciplines at both the undergraduate and graduate levels.
The experience and technology associated with growing research activity in these fields is rapidly finding its way into new and existing courses, including this laboratory course, PHYS 343,
Physics of Lasers and Modern Optics. Many courses at the University of Nebraska-Lincoln
(UNL) cover aspects of lasers and modern optics. The following is an incomplete list that is still
growing: Optics and Electromagnetic Waves, Quantum Computing, Physics Extreme Lasers
(Department of Physics and Astronomy); Introduction to Lasers and Laser Applications, Fourier
Optics, Applied Photonics, Image Analysis and Holography, Applied Photonics, Introduction to
Quantum Electronics, Optical Properties of Materials, Nonlinear Optics, Current Literature in
Electro-Optics, Solar Cells: Theory and Application, Solar Energy, Organic Electronic Materials Devices, Ellipsometry in Materials Science (Department of Electrical Engineering); Laser
Material Processing with Compressible Flow Perspective, Solar Energy Engineering (Department of Mechanical Engineering) Optical Methods of Analysis, Spectroscopy and Scattering
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(Department of Chemistry), Photobiology (Department of Biochemistry); Optical Communication Networks, Pattern Recognition, Optical Fiber Communication (Departments of Computer
Science and Computer Engineering). Many of these courses are offered intermittently. Consult
the appropriate department for further information.
LABORATORY PRACTICE

This course is not intended to teach general laboratory practice, data analysis, or scientific reporting, though all three are important to any laboratory course. The following is a résumé of practices you should follow.
1) Read the appropriate chapter of the Laboratory Manual and cited reference material before coming to the laboratory.
2) Bring a pen and a pencil, a ruler, a calculator, and a laboratory notebook.
3) Record all data with a non-erasable pen directly in the laboratory notebook. Never destroy or
obliterate data. Mark erroneous notations with a single line. (Graphs, sketches, and calculations
may be entered with a pencil).
4) If you identify data that may be erroneous, explain your reasoning in the notebook. Then repeat
the measurements, taking care to correct the causes of the errors. Averaging data is a valid way to
improve the precision of measurements which fluctuate randomly, not to bury erroneous values.
5) Plan your experimental procedure carefully. Practice and make a few representative measurements or observations before proceeding. Work with your lab. partner(s) as a team.
6) Draw graphs of your data in your notebook during or immediately after making measurements.
Examine these graphs to determine if the results make sense. Look for possible errors and for unexpected results. Draw neater graphs on good graph paper or with a computer program, before
turning in the notebook.
7) Draw diagrams of all apparatus. These should be schematic, and need not be artist’s renderings.
Label any dimension that may be relevant to the experiment.
8) Record the make, model, and serial number of each piece of equipment if so labeled.
9) Record the approximate time and the date of all experiments and the names of laboratory partners. Record any other information that might significantly affect the experiment. For example,
the laboratory temperature or atmospheric pressure may affect some measurements.
10) Each lab partner must record all observations in their own notebook before leaving.
11) Consult the instructor or TA if in doubt of the proper use or any piece of equipment. This is necessary for the protection of both personnel and equipment.
12) Read and follow the Laser Safety Rules of Thumb included with Experiment 1.
RESOURCES

This Laboratory Manual. Your University-level physics text (e.g., Young and Freedman).
Several useful reference texts or in the library. The texts marked with a * will be available in the
laboratory in Brace 301W.
BIBLIOGRAPHY

M. Bass, E. W. Van Stryland, D. R. Williams, and W. L. Wolfe, eds., Handbook of Optics, Vols.
I and II, (McGraw-Hill, New York, 1995). Very comprehensive, and hefty, not a text.
M. Born and E. Wolf, Principles of Optics (Pergamon, Oxford, 1980). Comprehensive reference.
J. R. Brandenberger, Lawrence University, Lasers and Modern Optics in Undergraduate Physics
(1989). A report describing several model undergraduate laser laboratory courses.
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David Halliday, Robert Resnick, and Jearl Walker, Fundamentals of Physics, 6th ed., (Wiley,
New York 2001). Phys. 211-212 Text.
*E. Hecht, Optics, 3rd ed., (Addison Wesley, Reading MA, 1998). An undergraduate optics text.
*Larryl Matthews and Gabe Garcia, Laser and Eye Safety in the Laboratory (IEEE Press, New
York, 1995). An excellent first text on laser safety.
K. D. Möller, Optics (Univ. Science Books, Mill Valley, 1988). An undergraduate optics text.
*B. A. Saleh and M. C. Teich, Fundamentals of Photonics (Wiley, New York 1991). Text.
R. Serway, C. J. Moses, and C. A. Mayer, Modern Physics, (Saunders, Philadelphia, 1989).
D. H. Sliney and M. Wolbarsht, Safety with Lasers and Other Optical Sources (Plenum, NY,
1980). A comprehensive scholarly treatise on laser safety.
J. Strait, Optics and Spectroscopy Undergraduate Laboratory Resource Book (Optical Society of
America, Washington, 1993). Descriptions of several laboratory experiments.
Paul A. Tipler, Physics for Scientists and Engineers, 3rd ed. (Worth, New York 1991).
J. T. Verdeyen, Laser Electronics (Prentice-Hall, New York, 1981). Undergraduate/Graduate
level text on lasers and modern optics.
D. C. Winburn, Practical Laser Safety (Dekker, NY, 1990). A text on laser safety.
*A. Yariv, Quantum Electronics, third ed. (Wiley, New York, 1989). A widely-used undergraduate/graduate-level text covering lasers and modern optics.
*H. D. Young and R. A. Freedman, University Physics, 11th ed. (Addison-Wesley, Reading
2004). Phys. 211-212 Text.
Richard N. Zare, Bertrand H. Spencer, Dwight S. Springer, Matthew P. Jacobson, Laser Experiments for Beginners (University Science Books, Sausalito, CA, 1995).
REGULAR PUBLICATIONS

There are many monthly publications covering laser and optical science technology. They offer
news of recent advances and products as well as having feature review articles. Some of them:
Laser Focus World, covering laser technology. http://www.laserfocusworld.com/index.html
Optics and Photonics News, from the Optical Society of America. http://www.osa-opn.org
Photonics Spectra, covering laser and optical technology. http://www.photonics.com
Physics Today, a publication of the American Physical Society. http://www.physicstoday.org
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Physics and Astronomy 343
List of Experiments
Required Experiments
Experiment 1: ................................. Laser Safety
Experiment 2: ....................... Optical Detector Physics
Experiment 3: ................ Fundamentals of Laser Operation

Optional Experiments (Choose 4)
Experiment 4: ........................... Geometrical Optics
Experiment 5: ................................. Polarization
Experiment 6: ............................. Gaussian Beams
Experiment 7: ............................... Optical Fibers
Experiment 8: ....................Semiconductor Diode Lasers
Experiment 9: ......................... Optical Spectrometers
Experiment 10: ............ Holography and Phase Conjugation
Experiment 11: ................. Electro- and Magneto-Optics
Experiment 12: ................... Doppler-Free Spectroscopy
Experiment 13: ................................ Coherence
Experiment 14: ............................... Interference
Experiment 15: ................ Diffraction and Fourier Optics
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Required Experiments 1-3
EXPERIMENT 1:

LASER SAFETY

PURPOSE
Learn the hazards of laser use and the principles and practice of laser safety
TOPICS
Eye Damage mechanisms
Laser safety classification
EQUIPMENT
goggles, glasses, spectrophotometer, HeNe laser, power meter

EXPERIMENT 2:

OPTICAL DETECTOR PHYSICS

PURPOSE
Learn the principles of light measurement with photodiodes and photomultipliers
TOPICS
Quantum efficiency and responsivity
The Photodiode: quantum detection
The Photomultiplier Tube: photoelectron multiplication
EQUIPMENT
photodiode, resistors, battery, photomultiplier, HeNe laser, power meter

EXPERIMENT 3:

FUNDAMENTALS OF LASER OPERATION

PURPOSE
Learn the principles of laser operation and the important components of a laser
TOPICS
atomic absorption, spontaneous emission and stimulated emission
Optical resonators
Feedback and gain
Components of a HeNe laser
EQUIPMENT
HeNe discharge tubes, high voltage power supply, spectrometer, mirrors, power meter
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Optional Experiments, Choose Four
EXPERIMENT 4:

GEOMETRICAL OPTICS

PURPOSE
Learn the properties of lens design and image formation
TOPICS
Lens maker’s formula
Object-image (Gaussian) formula
Magnification and Sign conventions
Simple telescope and microscope
EQUIPMENT
Optical bench, lamp, lenses and mirrors

EXPERIMENT 5:

POLARIZATION

PURPOSE
Learn the properties of polarized light and optical elements which affect polarization
TOPICS
Linear and circular polarization and unpolarized light
Polarizers
Birefringence and wave plates
EQUIPMENT
polarizers, wave plates, compensator, lasers, PD, wave plates

EXPERIMENT 6:

GAUSSIAN BEAMS AND LASER MODES

PURPOSE
Learn the characteristics of Gaussian beams
TOPICS
Gaussian beam profile; beam propagation, Longitudinal and transverse modes
EQUIPMENT
Various lasers, translation stage, razor blade, spectrum analyzer, optical chopper

EXPERIMENT 7:

OPTICAL FIBERS

PURPOSE
Learn the principles of optical waveguides and Rayleigh scattering
TOPICS
Total internal reflection, Fiber guide modes, mode velocity, effective index
Rayleigh scattering
Application of fiber optics to optical communications
EQUIPMENT
Multimode optical fiber, pulsed laser diode, amplified PD, audio equipment, oscilloscope

EXPERIMENT 8:

SEMICONDUCTOR DIODE LASERS

PURPOSE
Learn the characteristics of diode lasers
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TOPICS
Population inversion by carrier injection
Threshold and slope efficiency
Diffraction and collimation, Longitudinal modes
EQUIPMENT
Diode lasers, power meter, lenses, spectrum analyzer, wave meter

EXPERIMENT 9:

OPTICAL SPECTROMETERS

PURPOSE
Learn the principles and uses of monochrometers, spectrometers and spectrophotometers
TOPICS
Dispersion; Prisms and gratings; Resolution and slits
EQUIPMENT
tungsten and mercury lamps, prism, grating, slits, PD, PMT, chopper, spectrometers

EXPERIMENT 10: HOLOGRAPHY AND PHASE CONJUGATION
PURPOSE
Demonstrate the principles of holography and phase photorefractive conjugation
TOPICS
Grating diffraction, plain plane wave holograms
Hologram formation, readout and reconstruction
Real time hologram formation in a photorefractive crystal
EQUIPMENT
HeNe laser, diffraction grating, film, photorefractive crystal, beam splitters and mirrors

EXPERIMENT 11: ELECTRO-OPTICS AND MAGNETO-OPTICS (REQUIRES EXP. 5)
PURPOSE
Learn principles of optical beam modulation
TOPICS
Electro-optic (Pockels) induced birefringence
Magneto-Optic (Kerr) rotation of polarization
EQUIPMENT
HeNe, polarizers, EO crystal, MO glass, function generator, lock-in amplifier, solenoid

EXPERIMENT 12: INTERFERENCE
PURPOSE
Demonstrate the principles of interference
TOPICS
Interference from multiple slits
Observe interference fringes with thin films and wedges
Types of interferometers
EQUIPMENT
lasers, slits, interferometers, optical table, beam splitters, PD
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EXPERIMENT 13: DIFFRACTION AND FOURIER OPTICS
PURPOSE
Learn the properties of diffraction of light by opaque objects
TOPICS
Edge, single-slit, and multiple-slit diffraction
Diffraction gratings and apertures
Fourier optics, Fourier-plane masking
EQUIPMENT
He-Ne laser, slits, diffraction grating, apertures, lenses, masks, PD, digital, oscilloscope

EXPERIMENT 14: COHERENCE
PURPOSE
Learn the principles of coherence: How do lasers differ from light bulbs?
TOPICS
Pure coherent light
Waves and beats, waves packets
Coherence length and bandwidth of lasers and light bulbs
EQUIPMENT
HeNe, diode laser, lamp, adjustable slit, PD, spectrum analyzer, chopper, lock-in amplifier

EXPERIMENT 15: DOPPLER-FREE SPECTROSCOPY (ADVANCED - REQUIRES EXP. 8)
PURPOSE
Demonstrate a technique of high resolution atomic spectroscopy
TOPICS
Tunable single-frequency diode laser
Spectroscopy of atoms, Lifetime and Doppler broadening
Spectral hole burning
EQUIPMENT
tunable diode laser, rubidium cell, beam splitters and mirrors, PD, PMT, oscilloscope

EXPERIMENT 16: NULL ELLIPSOMETRY (ADVANCED - REQUIRES EXP. 5)
PURPOSE
To learn the fundamentals of Null Ellipsometry.
TOPICS
Principles of Ellipsometry: Snell’s Law; Fresnel’s Equations; Generalized Ellipsometry
EQUIPMENT
Gaertner Ellipsometer Apparatus: spectrometer table, polarizers, PMT, compensator, slit
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Units and Notation (see also www.alcyone.com/max/reference/physics)

SI UNIT SYSTEM
Unit

Symbol

Name

Equivalent

Length

m

meter

100 cm

Mass

kg

kilogram

1000 g

Time

s

second

1
3600

Current

A

Ampere

1 C/s

Force

N

Newton

1 kg m/s2

Power

W

Watt

J/s

Frequency

Hz

Hertz

1/s

Length

µm

micrometer

10–6 m

nm

nanometer

10–9 m

Å

Ångstrom

10–10 m

h

Intensity

W/m2

10,000 W/cm2

Energy

J

Joule

1Nm

Energy

eV

electron Volt

1.6 ´ 10–16 J

Spectral Energy

cm–1

wavenumber

0.000124 eV

POWERS OF TEN
(prefixes, see also www.alcyone.com/max/reference/physics/prefixes.html)

Appendix I

yocto-

y

10–24

kilo-

k

103

zepto-

z

10–21

mega-

M

106

atto-

a

10–18

giga-

G

109

femto-

f

10–15

tera-

T

1012

pico-

p

10–12

peta-

P

1015

nano-

n

10–9

eta-

E

1018

micro-

µ

10–6

yotta-

Y

1024

milli-

m

10–3

centi-

c

10–2
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EXPERIMENT 1: Laser Safety
DESCRIPTION
PURPOSE
Learn the hazards of laser use and the principles and practice of laser safety. This chapter is meant to
be an introduction to the topic of laser safety suitable for the safe completion of PHYS 343. It is not intended as a substitute for comprehensive laser safety training that may be required in other laboratory
and industrial settings.
UNIVERSAL GUIDING PRINCIPLE

Never allow a laser beam to enter the eye!
This principle is as important to your safety and well-being as many others you have learned over
the years such as: look both ways before crossing the street, do not blow-dry your hair in the bath, do not
dive into shallow water, don’t spit into the wind. Vision is perhaps our most important sense, and the
most vulnerable. It is well worth protecting.
INTRODUCTION
Since before the first laser was operated in 1960 it has been clear that laser emissions are a hazard to
the eye and skin, more of a hazard than most other light sources. Lasers are hazardous because they produce intense directed energy that can damage living tissues. While there are other common light sources
strong enough to cause permanent eye or skin damage, such as direct sunlight, arc welders, movie projectors, and searchlights, lasers, because of their unique nature, far more potent at a given wattage.
Living tissues can be damaged when they absorb light because of excessive (even explosive!) heating or by photochemical changes. Examples of heat damage include skin burned by concentrated sunlight or laser emission, and retina lesions caused by laser beams. Examples of photochemical damage
includes sunburn and cataracts caused by excessive exposure to ultraviolet light from the sun or from arc
welders.
There have been very few reported incidents of permanent eye damage by lasers. This is due in part
to careful design of safety equipment and procedures, but probably more due to the thoughtful good
sense of laser professionals and their knowledge of the laser emission properties and the hazards they
present. This Experiment is designed provide you with valuable information and practice so that you
can work with lasers safely.
LIGHT ILLUMINATING THE RETINA
Let us first compare the hazards of looking at a 60 W light bulb, the sun, and the beam from a 10
mW (0.010 W) helium-neon laser. It would seem that the laser would be 60,000 times less damaging
than the light bulb because of its much lower total power. (Although light bulbs emit 95% of their power
as infrared radiation, all 60 W is a potential hazard to the eye.) You can stare at a 60 W light bulb one
meter away with little more discomfort than an afterimage. If you stare into the beam of a 10 mW laser,
your eyesight may be permanently damaged.

Experiment 1
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Why is the laser so much more dangerous? There are two reasons. First, all of the laser power is delivered in a narrow beam, so the eye can intercept most or all of the emitted energy. In contrast, the light
from the light bulb spreads out in all directions; the eye intercepts only a small fraction of the emitted
energy. Second, the eye focuses (concentrates) light to a small spot on the retina. The light from the bulb
forms a spot about 300 µm (300 millionths of a meter, the thickness of three sheets of paper) in diameter
but laser light focuses to a spot as small as 10 µm in diameter because coherent light focuses more tightly than incoherent light. Examine Fig. 1–1, which illustrates these differences.

Figure 1–1: Retina Illumination by a light-bulb, the sun, and a laser.

Let’s calculate the intensity, the power per unit area, of the light at the retina in each case.
Case 1: Staring at a 60 W (Bulb Power) unfrosted light-bulb at 1 meter distance
By the time the light reaches your eye, it has spread over a one meter radius sphere with
Surface Area = 4π (1 m)2 = 12.6 m2, so that the optical intensity at the cornea is
BulbPower
60 W
Cornea Intensity =
=
= 4.5 W/m2.
SurfaceArea 12.6 m 2
The light enters the eye through the pupil (about 2 mm in diameter) with
Pupil Area = π (1 mm)2 = 3.1 ´ 10–6 m2.
Therefore, the total light power entering the eye is,
Power = Cornea Intensity ´ Pupil Area = 1.5 ´ 10–5 W (15 µW).
The eye’s lens focuses the image of the light bulb filament in a spot about 300 µm in diameter on the
retina. The intensity at the retina is
Power
1.5 ×10−5 W
Retina Intensity =
=
= 212 W/m2.
2
Spot Area
π (150µm)
The light from the bulb does heat your retina a little, but heat conduction and blood circulation in the
tissues of the eye keep it cool enough to prevent damage. (The after-image of the light bulb is a tempo-

€
Experiment 1
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rary chemical effect caused by automatic mechanisms in your retina that adjust sensitivity in very dim
light and very bright light).
Case 2: Staring at the sun
The maximum solar intensity at the earth’s surface is about 1000 W/m2, over 200 times stronger
than viewing the 60 W light bulb at one meter distance. The eye’s lens focuses the image of the sun
in a spot about 150 µm in diameter on the retina.
Power = Cornea Intensity ´ Pupil Area = 1000 W/m2 ´ 3.1´10–6 m2 = 3.1 mW.
The intensity of the image of the sun on the retina is
Retina Intensity =

Power
3.1×10−3 W
2
=
2 = 180,000 W/m ,
Spot Area
π ( 75µm)

which is nearly 1,000 times more intense than staring at that 60-W light bulb, mainly because more light
power is entering the eye. Staring directly at the sun for a few seconds or more can cause permanent
damage to the retina. Even a brief glance
€ at the sun or a strong reflection leaves an afterimage.
Case 3: Staring directly into the 5 mW beam from a laser pointer
The beam diameter is typically 2 mm so that the intensity at the cornea is
Cornea Intensity =

Power
5 ×10−3 W
2
=
2 = 1600 W/m .
Beam Area
π (1mm)

Since the laser beam diameter is about the same as the pupil, we will assume the entire 5 mW enters
the eye. The laser light focuses to a very small spot, about 10 µm in diameter (Spot Area = 7.9 ´ 10–
11 m2), so that the intensity at the retina is
€
Power
5 ×10−3 W
Retina Intensity =
=
= 64 million W/m2.
Spot Area
π(5 µm) 2
At the retina, the intensity of the light from the 5 mW laser pointer is over 350 greater than from
looking directly at the sun and over 300,000 times greater than from a 60 W light bulb 1 m away. Note
how the lens of your eye concentrates
€ the light in your retina, just like a magnifying lens concentrates
sunlight enough to set paper, or a hapless insect, on fire!
LASER SAFETY
We must protect ourselves against the unique dangers presented by lasers. Lasers emit light with
wavelengths ranging from less than 10 nm in the x-ray region to over 1 mm in the far infrared. (I will
use the word “light” to refer to all electromagnetic radiation in this range, and “visible light” the range
of wavelengths visible to humans, approximately 400 nm to 760 nm.) Figure 1–2 shows portions of the
electromagnetic spectrum affecting the eye and the emission wavelengths of common lasers.

Experiment 1
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Figure 1–2: Portions of the electromagnetic and common laser wavelengths.

The components of the eye are vulnerable to different wavelengths of electromagnetic radiation.
Each wavelength region (UVA, UVB, etc.) must be considered separately when evaluating the potential
hazards of optical sources. These distinctions are summarized in Figures 1–2 and 1–3. The far ultraviolet
(UVB and UVC) and the far infrared (IRB and IRC) wavelengths are entirely absorbed by the cornea
(the outer covering of the eye). Near ultraviolet (UVA) light is partially absorbed in the cornea, lens and
the retina, and can damage all three. Light with visible or near infrared (IRA) wavelengths pose the
greatest hazards to the retina because the lens focuses these wavelengths on the retina, concentrating the
power in spots as small as 10 µm in diameter.

microwaves, X-rays, gamma rays

UVA

UVB and IRB

VIS, IRA and UVA

Figure 1–3: Light penetration in the human eye (adapted from Sliney and Wolbarsht 1980).

Tissue damage by heating can occur when the heat energy deposited by light exceeds the capacity of
the tissues to carry the heat safely away. Light with UV and shorter wavelengths can also cause direct
molecular damage. Therefore we generally characterize lasers hazards in Classes, which are organized
according the laser power, the emission wavelength and mode of operation. The Class of a laser or laser
system is defined by the American National Standards Institute (ANSI) according to the degree of hazard presented. Table 1-1 shows a synopsis of the ANSI Classes. Class I (“exempt”) laser systems are
Experiment 1
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generally safe for the eye and skin and require no special protection. However, when in doubt, refer to
the Universal Guiding Principle stated at the beginning of the chapter. The U. S. Center for Devices and
Radiological Health (CDRH) has similar hazard identification standards and specifies the use and format
of warning labels like the one shown in Fig. 1–4, that must be affixed to the outside of a laser or laser
system. The U. S. Occupational Safety and Health Administration (OSHA), which has jurisdiction in the
workplace, has safety regulations based on the ANSI standards. Further information on safety standards
and procedures can be found in the UNL Safe Operating Procedure for Lasers Matthews and Garcia
1995 or in Winburn 1990.
Table 1–1: Summary of CDRH Laser Classes and ANSI standards
Class

Power *

I
II

< 0.4 µW
≥ 0.4 µW
< 1 mW

Hazards

Precautions +

Examples

None
none, “exempt”
UPC Scanners
Retina damage possible after 10 sec- CDRH label (Fig. 1–4)
helium-neon
onds or more of steady direct viewing do not stare into beam
semiconductor
posted warnings
IIIa
≥ 1 mW
Retina damage possible in 0.25 sec- attached beam stop
helium-neon
onds
< 5 mW
contain laser beams
laser pointers
IIIb
≥ 5 mW
Retina damage likely in 0.1 s or less trained personnel
helium-neon
faster than the proverbial blink-of-an- key switch
< 0.5 W
semiconductor
eye
interlock connector
dye
warning lamp or sound
IV
≥ 0.5 W
Severe eye or skin damage from direct eye protection
cutters/welders
exposure.
emission delay
laser shows #
Eye damage likely from direct or indi- intra-cavity shutter
pulsed lasers
rect exposure.
door interlock
argon laser
Can ignite flammable material.
contain all reflections
* Total power of continuous-wave (steady-power) lasers emitting visible (400-700 nm) light.
+ Precautions for higher laser classes include all precautions for the lower laser classes.
# Powerful lasers are incorporated into specially designed laser show systems, which limit laser power and scan,
or sweep the lasers, thus dramatically reducing exposure in any one direction.
Note: Seek the advice of an experienced laser safety professional or refer to the laser operating instructions or
to appropriate laser safety literature before using an unfamiliar laser or laser system.
Figure 1–4: CDRH Label
All lasers except for Class I lasers and properly shielded
laser systems must have prominent exterior warning labels such as the one shown at right. Supermarket scanners and some laser printers contain Class II or higher
lasers, which are securely sealed so that there is no danger to humans outside the machines. These systems therefore meet Class I criteria; users are safe from inadvertent
injury. Special labels warn of laser hazards present when
these devices are disassembled or damaged.

Laser Pointers
The ready availability of inexpensive laser pointers has caused some concern, because most are class
IIIa lasers, and deemed an eye hazard (Table 1–1). The FDA amended its rules more than a decade ago
to allow sale of laser pointers to the general public, provided they emit less than 5 mW power. For many
Experiment 1
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years, only red laser pointers were available, but now, due to the development of new semiconductor
lasers, there are laser pointers available with a wide of wavelengths, from red to violet. The most common pointers in current use are red and green, with green being easier to see because the human eye is
more sensitive to green light. The fundamental safety rule with any Class II or higher laser is to avoid
eye exposure under any circumstances, so it would seem that permitting sale to the general public would
be unwise. The result of this large experiment in laser safety is that there have been no reports of permanent eye damage as a result of the use, or misuse, laser pointers. This may change. Red laser pointers do
not seem to be a real hazard, even if misused. Robertson et al. (2000) found that a Class 3A red laser
pointer did not produce discernable damage to the retina even after 15 minutes of continuous exposure.
This justified, after the fact, that the FDA’s rules were sufficiently prudent. Green laser pointers may not
be so benign. A later study by the same group (Robertson et al., 2005) showed that a 60-second exposure to a Class 3A green laser pointer did damage the retina, but no discernable change in visual acuity.
The following quotations are from the Robertson 2005 report.
The fact that we were able to demonstrate green laser pointer–
induced retinopathy with exposure times as short as 60 seconds
may not be surprising, since the human retina is much more sensitive to shorter than longer wavelengths. Also, melanin in the pigment epithelium absorbs more energy at shorter wavelengths than
longer wavelengths. The appearance of the lesion after 60 seconds
of green laser exposure was similar to the clinical appearance of
solar retinopathy in patients who have stared at a solar eclipse. …
Our patient was unable to recognize any defect in central vision
despite attempted efforts to identify a scotoma with the tangent
screen using 1-mm targets and the Amsler grid study.The inability
of the patient to recognize functional changes in vision may reflect Figure 1–5: Retinal damage (darkeither a true absence of functional damage or simply our inability ened ring in fovea center) after expoto detect subtle changes in the central visual field function with the
sure to a 5-mW green laser pointer.
testing methods used. (from Robertson et al., 2005)

Even if there is little hazard to the eye from laser pointers, they present incidental hazards because
they can cause distraction and even temporary vision impairment. There have been many instances of
people using lasers to distract drivers and pilots, leading to many accidents and near-accidents. Needless
to say, law enforcement agencies take these cases very seriously and a number of misdemeanor and felony convictions have resulted.
As you might expect, it is possible to produce laser pointers emitting 5 mW or more. Lasers pointers
are now available with power levels of 500 mW or more, which makes them Class IV. These can light a
match or burn paper. It is illegal to sell or use Class IIIb or IV as laser pointers in the United States and
many other countries, but in practice it is possible to purchase them, often under the guise of “professional use”. The following web links provide more background on the proliferation of dangerous lasers.
http://www.fda.gov/forconsumers/consumerupdates/ucm166649.htm
As with any potentially hazardous device, there are circumstances under which it would be legal and
safe to use such lasers – i.e., in a controlled environment by trained personnel – and these circumstances
are covered by the complete ANSI standards summarized above. Of course, the dangers increase with
increased power.
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ULTRAVIOLET AND INFRARED LASERS
Ultraviolet and infrared lasers may pose a more serious hazard than visible light lasers with the same
power level because they cannot be seen; we may not be aware of the danger, yet the danger is present.
Also, the most powerful lasers emit infrared light. For example, commercial CO2 lasers are used to weld
or cut steel. Special laser protection goggles must always be worn when working with invisible lasers,
because often the first indication that such a laser has entered the eye is loss of eyesight–by then it is too
late! Ultraviolet light can damage the cornea, lens, retina, or all three, depending on the wavelength. The
eye is especially vulnerable to ultraviolet light, which can produce as much as one thousand times more
damage than can visible light with the same intensity.
PULSED LASERS
Certain types of lasers emit light in short intense pulses. The duration of these pulses ranges from
less than a femtosecond (10–15 s) to thousandths of a second, too brief for the human blink reflex. Many
pulsed lasers can cause more damage in a billionth of a second than a laser pointer can cause in sixty
seconds. Most pulsed lasers are rated Class IV and require the use of laser safety goggles. The Diocles
laser on the UNL campus (http://www.unl.edu/diocles) is one of the most powerful in the world, with
peak power approaching a PetaWatt (1015 W). Needless to say, the Diocles laser team takes laser safety
very seriously.
SUMMARY
Lasers are an increasingly common hazard. Though more powerful laser can damage human tissue,
even very weak lasers, such as laser pointers, can result in temporary or permanent visual impairment.
As with any hazard, you should be aware of the nature of the hazard, learn the proper safety precautions
and procedures, and be alert and diligent at all times.
You will use lasers that can cause irreparable damage to the human eye,
including ANSI Class II, IIIa, IIIb, and IV lasers.
You must take appropriate precautions and be alert at all times.

When in doubt about safety, ask for advice and assistance.
ADDITIONAL READING
“Laser Classification and General Safety Control Measures,” UNL Safe Operating Procedure,
http://ehs.unl.edu/sop/s-laserclass.pdf
“ANSI Z136.1 Safe Use of Lasers,” American National Standards Institute, ISBN# 978-0-912035-65-9,
2007.
“ANSI Z136.5 Safe Use of Lasers in Educational Institutions,” American National Standards Institute,
ISBN# 0-912035-67-3, 2007.
Larryl Matthews and Gabe Garcia, Laser and Eye Safety in the Laboratory (IEEE Press, New York,
1995).
D. M. Robertson, T. H. Lim, D. R. Salamao, T. P. Link, R. L. Rowe, and J. W. Mclaren, “Laser pointers
and the human eye: a clinicopathologic study,” Archives of Ophthalmology 118, 1686 (2000).
http://archopht.highwire.org/cgi/content/abstract/118/12/1686
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D. M. Robertson, J. W. Mclaren, D. R. Salamao, and T. P. Link, “Retinopathy from a Green Laser
Pointer,” Archives of Ophthalmology 123 (5), 629-33 (2005). http://archopht.amaassn.org/cgi/content/full/123/5/629
D. H. Sliney and M. Wolbarsht, Safety with Lasers and Other Optical Sources (Dekker, NY, 1990). D.
H. Sliney, “Laser Safety,” Chapter 6 in the CRC Handbook of Laser Science and Technology,
Marvin J. Weber, ed. (CRC Press, Boca Raton), pp. 509-526.
D. C. Winburn, Practical Laser Safety (Dekker, NY, 1990). A text on laser safety.
“Laser Institute of America,” http://www.laserinstitute.org/
“’Overpowered’ Laser Pointer Sales Prompt FDA Probe,”
http://www.photonics.com/content/news/2005/April/21/57695.aspx
“Important Information for Consumers on Internet Sales of Laser Products,”
http://www.fda.gov/cdrh/radhealth/products/internetlasers.html
UNL Environmental Health and Safety office, http://ehs.unl.edu/
OSHA information on Laser Hazards, http://www.osha.gov/SLTC/laserhazards/index.html
ADDENDUM to LASER SAFETY
UNL Laser Safety General Awareness Training

American National Standards Institute (ANSI)
ANSI Z136.8: Safe Use of Lasers in Research, Development, and Testing

National Fire Protection Association (NFPA)
NFPA 115: Standard for Laser Fire Protection

NEW ANSI Scheme :
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Class 1 lasers are incapable of producing damaging radiation levels during the maximum duration of
expected normal operation.
Class 1M lasers are incapable of producing hazardous exposure conditions during normal operation
unless the beam is viewed with an optical instrument. Never use an optical aid to view the beam of a
Class 1M laser.
Class 2 laser systems emit light in the visible portion of the electromagnetic spectrum (400 – 700
nm) either as continuous wave or pulsed. Because the light is visible, the eye will have a natural aversion tendency which tends to afford protection from serious eye damage. They have an average radiant
power of less than or equal to 1 mW.
Like class 1M lasers, class 2M lasers are an eye hazard when viewed with an optical aid.
Class 3 laser systems are “medium” power and may be hazardous to the eye under direct and specular (mirror-like, single direction) reflection viewing conditions, but are not normally a diffuse (many directions) reflection or fire hazard. A Class 3R laser is potentially hazardous under some direct and
specular reflection viewing conditions if the eye is appropriately focused and stable, but the probability
of injury is small. A 3R laser does not pose a diffuse-reflection hazard. The upper limit of the power
output of a 3R laser is 5 mW.
A Class 3B laser is a hazard to the eye under most direct and specular reflection viewing conditions.
Eye damage can occur in less than 0.25 seconds. The upper limit of the power output of a Class 3B laser
is 500 mW.
Class 4 laser systems are “high” power and pose a hazard to the eye or skin from the direct beam as
well as diffuse reflections. The power output of a Class 4 laser system is greater than 500 mW. Class 4
laser systems may pose a fire hazard and may produce laser generated air contaminants and hazardous
plasma radiation, which will be discussed later. Eye damage can occur in the nanosecond range, which
is much quicker than a blink of an eye.
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A Laser Control Area (LCA) is any area, permanent or temporary, where the occupancy and activity
of those within is subject to control and supervision for the purpose of protection from laser radiation
hazards. Often, these controls consists of controlled access and personnel qualifications. A LCA is generally the room in which a laser is located.
The Nominal Hazard Zone (NHZ) is defined as the space within a LCA in which the level of direct,
reflected, or scattered radiation may exceed the applicable Maximum Permissible Exposure (MPE) for
skin or eye. Several variables are considered when calculating the MPE, such as but not limited to:
wavelength, pulse duration, beam size and divergence, etc. Inside the NHZ, additional control measures
must be implemented, such as appropriate PPE, standard operating procedures, barriers, etc.

Experiment 1

© 2014 Stephen Ducharme

Page 1–10

Physics of Lasers and Modern Optics

Experiment 1

Laboratory Manual

© 2014 Stephen Ducharme

Page 1–11

Physics of Lasers and Modern Optics

Laboratory Manual

Laser Safety Rules Of Thumb
© 2014 Stephen Ducharme
The following rules of thumb will help prevent accidents that can damage vision, but they are necessarily incomplete. These rules and the ANSI standards, which are summarized in Table 1-1 are more detailed, but should only be considered minimum requirement. Take additional precautions that you deem
necessary to ensure the safety of yourself and others. If in doubt of the safety of any situation, seek the
assistance of the instructor or TA.

1) Never allow a laser beam to enter the eye!
2)
3)
4)
5)
6)
7)
8)
9)
10)
11)
12)
13)

Be aware of all laser hazards present.
Know the appropriate laser Class and necessary precautions.
Do not look into a laser beam, or cause a laser beam to enter someone’s eye, under any circumstances!
Control and confine all laser beams.
Use beam stops and carefully plan the placement and movement of optical elements.
Beware of stray reflections from the many surfaces the beams might encounter.
Confine the beams to the horizontal plane just above the table.
Keep your eyes above the level of the laser beams. (see rule 8)
Close your eyes if you bend down to pick something up off the floor. (see rule 8)
Do not wear a watch or jewelry with shiny flat surfaces. (see rule 7)
Resist the impulse to look toward a flash or glare of light, it may be a laser beam illuminating your face.
Leave the room lights ON when possible. The eye’s pupils open wider in a dark room and
present a larger target for a stray laser beam.
Wear laser safety goggles when appropriate.
Follow laser operation procedures instructions carefully.
Use common sense and be alert at all times.

14)
15)
16)
17) See Rule 1.

Anyone intentionally using a laser in an unsafe manner
will be permanently barred from the laboratory and receive a grade of F for the course.
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PROCEDURE
ACTIVITY 1: EVALUATE SUNGLASSES AND LASER SAFETY GOGGLES
You will be given a lens from a pair of glasses or laser safety goggles. The instructor or TA will assist you in recording the transmission spectrum of to determine the degree of protection provided at various wavelengths. Attach the spectra to your notebook and note the wavelength ranges of transmission
and blockage. You may test your own glasses or sunglasses with the spectrophotometer.
Questions: (Answer all questions in you lab notebook before turning it in.)
1) According to your measurements, at what wavelengths do the glasses or laser safety goggles
provide protection? Does this agree with the label on the glasses/goggles?
2) Do the glasses/goggles offer protection from IRA? From UVA? From UVB?
ACTIVITY 2: DETERMINE THE SAFETY CLASS OF SELECTED LASERS
LASER SAFETY NOTE: The glass surface of the power meter detector head reflects some of the laser
light. This reflected light is a hazard and must be safely contained.
You will be given an optical power meter and one or more lasers. Place the detector head of the
power meter directly in front of the laser beam and record the power. Record the power of each laser in
your laboratory notebook along with the model and manufacturer of the laser, its serial number (if available), a description of the laser’s appearance, and the location of the laser.
Questions:
1) Does the laser have a CDRH label? If so, what is the laser Class listed on the label?
2) Do your observations agree with the label? If not, why?
2) List any apparent safety violations in the laser construction, packaging, or labeling.
ACTIVITY 3: LASER SAFETY SURVEY
LASER SAFETY NOTE: Before inspecting any laser system, first make sure that it is turned off or
that the beam safely contained.
You will survey a working research laboratory in which several laser systems are in frequent use.
Survey the lasers and the laboratory environment for safety. In each case, determine the type of laser, its
safety class, its location and environment where it operates, and what operational safety procedures
should be used. Record all relevant factor affecting safety, and whether or not there are any potential
hazards. You may want ask laboratory personnel about how the laser is used, or take a photograph to
show how the situation of the laser might present a hazard.
Follow-Up
Prepare a report summarizing your findings in the form of a business letter addressed to the laboratory director. The report should detail what types of hazards exist and where, what operational precautions should be exercised. Also, detail what, if any, safety violations you found and
what are your recommendations for rectifying these. Submit your report to the Laboratory Director within 5 working days of your survey and insert a copy in your laboratory notebook.
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EXPERIMENT 2: Optical Detector Physics
DESCRIPTION
PURPOSE
Learn the principles of optical power measurement with photodiodes and photomultipliers.
INTRODUCTION
The PhotoDiode (PD) and the PhotoMultiplier Tube (PMT) are two common and versatile optical
detectors. They have complementary capabilities and any self-respecting laser professional should have
both types in their toolbox. Both the PD and the PMT absorb light quanta (photons) and produce a current that is proportional to the rate of photon absorption. Table 2–1 summarizes the typical features of
these two devices.
Table 2–1: Typical characteristics of Photodiodes and Photomultiplier tubes.
Photodiode (PD)

Photomultiplier (PMT)

Construction

semiconductor junction

vacuum tube

Size (including case)

0.1 mm to 5.0 mm thick
0.1 mm to 10 cm diameter

2 cm and longer
1 cm diameter and up

Quantum Efficiency

up to 100%

up to 30%

Wavelength Range

190 nm – 2000 nm

190 nm – 1000 nm

Sensitivity

up to one electron per photon (0.5 A/W)

millions of electrons per photon
(1 A/µW)

Minimum Light Level

10 fW

0.01 aW

Maximum Light Level

1 mW

1 nW

Response time

0.01 ns or longer

0.1 ns or longer

Operating Power

0–60 V at 1 mA
laser power measurement
photographic light metering
isolation of electrical signals
DVD & CD drives
optical communications

500–2000 V at 1 mA
spectroscopy
astronomy
bioluminescence
nuclear and particle physics
interferometry

Common Uses

Other common optical detection devices include bolometers and pyroelectric crystals (both of which
respond to the heat deposited by light absorbed in the detector), CCDs (Charge-Coupled Detectors, used
in digital cameras), photoconductors, Vidicons (the original TV camera tubes), avalanche photodiodes,
and phototransistors.
THE PHOTODIODE (PD)
The photodiode is a variation on the familiar silicon photocell used in solar power conversion. But
the photodiode is constructed and operated for optimum sensitivity and accuracy, while the solar cell is
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optimized to generate maximum electrical power. Figure 2–1 shows the construction of a typical P-N
junction silicon photodiode.
The photodiode is an ordinary diode in which the diode junction
is exposed to light. Light (of sufficient energy, or short enough
wavelength) generates free electron-hole charge pairs in the “depletion layer” between the P and N layers. The free electrons travel
through the N layer (N is for “Negative”) to the negative electrode
and, similarly, the holes, which are positively charged, move
through the P layer (P is for __________) to the positive electrode,
thus generating current flowing in the reverse bias direction. (An
electron hole, or simply, “hole” is a positively charged atom vacated by an electron. When an electron moves into a hole, it leaves
behind a new hole and it appears that the hole itself has moved the
opposite direction. In semiconductor theory, it is customary to conFigure 2–1: Construction of a P-N
sider the hole as a mobile positively charged particle because it acts
Photodiode.
like one. An electron hole is not a positron.) In the photovoltaic
(PV) mode, the PD is connected directly to an ammeter, as shown in the circuit in Fig. 2–2a, permitting
the most sensitive measurement of the light power. In the photoconductive (PC) mode, the diode is reverse-biased as shown in the circuit in Fig. 2–2b. Reverse bias PC mode is used to measure larger optical power accurately and results in higher speed operation. (Note that the photocurrent always flows
opposite to the usual diode conduction direction. Think about this a while.)
current

battery

PD

Vo
R

V
voltmeter

Figure 2–2a: Photovoltaic (PV) operation.
(high sensitivity)

Figure 2–2b: Photoconductive (PC) operation.
(high speed)

In either case, PC or PV operation, the current J (in Amperes) is proportional to the total light power
P (in Watts) illuminating the photodiode. Therefore, we have a simple relation between the photodiode
current J and the optical power P,
J = KPDP,

(2–1)

where KPD is the responsivity of the photodiode (SI units A/W) and depends on the diode construction
and illumination wavelength and (slightly) on the temperature. Electronically, we think of the photodiode as a current source, with the current proportional to the light power. (Like all “real” electrical devices, the photodiode also has a characteristic parallel capacitance and both parallel and series internal
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resistances, which are important in some regimes of operation.) The photodiode is a quantum device;
(almost) every incident photon generates an electron-hole charge pair and (almost) every pair supplies
unit charge e = 1.6 ´ 10–19 C to the outside circuit. The current is therefore
J = e ´ N ´ Q,
(2–2)
where the quantum efficiency Q is the fraction of incident photons that result in charge carriers escaping
into the external circuit and is usually less than 100%. The number of photons incident per second N is
readily calculated from the optical power and the frequency n or vacuum wavelength l from Einstein’s
famous quantum relation for the energy of a photon, E = hn = hc/l, where c is the speed of light and h is
Plank’s constant. The optical power is the flow of energy per unit time and therefore
P=N´E=N´

hc
.
l

(2–3)

Combining Eqs. (2–1) with (2–3) we find that the PD responsivity is
Qel
.
(2–4)
hc
The responsivity of a typical photodiode is shown in Fig. 2–3a. The value of the responsivity is KPD
= 0.43 A/W at 632.8 nm wavelength. The quantum efficiency at 632.8 nm is Q = KPDE/e = 84%. Figure
2–3b shows the PD package dimensions and lead configuration.
KPD =

Figure 2–3a: PD Responsivity (Hamamatsu S2386).

Figure 2–3b: Hamamatsu S2386 PD package.

Whether in photovoltaic (PV) or photoconductive (PC) operation, the current generated by the photodiode is proportional to the incident light power, making the PD a simple and precise optical power
meter. In the PV mode (see Fig. 2.2a) the current is read directly by a picoammeter or fed to a current
amplifier for display on a recorder or oscilloscope. In the PC mode (see Fig. 2.2b), the voltage V = JRL
across the load resistor RL is measured with a voltmeter or displayed on a recorder or oscilloscope.
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THE PHOTOMULTIPLIER (PMT)
Photomultiplier tubes respond to individual photons, like photodiodes, but have built-in
amplification and can generate billions of
electrons for each photon absorbed. Because
of this amplification capability, PMTs are
suitable for measuring low light levels and for
“photon counting” in which photons are recorded one at a time as individual charge pulses on an oscilloscope or electronic pulse
counter. Figure 2–4 shows the construction of
a typical photomultiplier. Photons absorbed
by the metal or semiconductor photocathode
Figure 2–4: Photomultiplier Construction [Kume 1994].
(“0” in Fig. 2–4) liberate electrons into the
vacuum with kinetic energy = hf – W, where f
is the frequency of the light and W is the work function of the photocathode material. Although each
photon can generate one electron, this does not always occur; the PMT quantum efficiency Q is usually
less than 30% (see Fig. 2-6). This part of photomultiplier operation is called the “Photoelectric Effect”
which Einstein first explained in 1905, earning him the Nobel Prize in Physics in 1921.
Let us follow the progress of the signal
produced by one photon absorbed in the photocathode. The photon liberates an electron
from the cathode by the photoelectric effect.
Since the photocathode is biased with a large
negative voltage (–HV in Fig. 2–5), typically
–500 to –2000 V, the electron is accelerated
Figure 2–5: PMT Voltage Divider Circuit.
toward the first dynode (“0” in Fig. 2–4).
There are several dynodes – typically 4 to 12 – in series following the photocathode, and each is biased
at successively less negative voltage. The photoelectron gains speed (and therefore kinetic energy) in
traveling toward the first dynode. It strikes the first dynode hard enough to generate many more free
electrons, which are accelerated to the second dynode (“2” in Fig. 2–4) where each of these generates
many more electrons, and so on, multiplying the number of electrons at each stage. The final electrode,
called the anode, collects the electrons and delivers them to an external circuit for measurement, represented by the Ammeter A. Therefore a photomultiplier “multiplies” the electrons liberated at the photocathode by a single photon. For example, in a 9-dynode PMT with a 10-fold multiplication by each
dynode,
one
photoelectron
from
the
cathode
generates
a
total
of
9
10 ´10 ´10 ´10 ´10 ´10 ´10 ´10 ´10 = 10 electrons at the anode. Note that the voltage divider network shown in Fig. 2-5 carries a steady current (–HV/Rtot), which supplies the electrons for multiplication at each dynode. The current reaching the anode is,
J = eNQG,
(2–5)
where N is the rate that photons are absorbed by the photocathode, Q is the quantum efficiency and G is
the photomultiplier gain. The gain G (=109 in the example above) depends on the dynode voltages the
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dynode material (usually a metal), the shapes and positions of the dynodes, and external influences like
gravity (very weak effect) and magnetic fields (strong effect). The quantum efficiency Q depends on the
wavelength and on the construction of the photocathode. Figure 2–6 shows the quantum efficiency for a
typical PMT as a function of the photon wavelength. The maximum quantum efficiency for this PMT is
only 28%, and this is a relatively efficient one.
Equations 2–3 and 2–5 are combined to find the relation between current and optical power for the PMT,
J = KPMTP,

(2–6)

GQel
.
(2–7)
hc
Compare Eq. (2–7) for the PMT with Eq. (2–4) for the PD.
The difference is in the large amplification G provided by the
PMT; the PMT is far more sensitive. The PMT, like the PD, is
fundamentally a current source. The output anode current can be
measured directly with a picoammeter (Fig. 2-5) or can be determined by measuring the voltage across a load resistor connected from the anode to ground. Both the PD and the PMT have
limitations (see Table 2–1). One limitation is the minimum detectable light level. For the PD, the minimum detectable light
Figure 2–6: Responsivity and Quanlevel is usually limited by the dark leakage current of the diode. tum Efficiency of a PMT (RCA 931A).
The PMT minimum is limited by the spontaneous thermal emission of electrons from the photocathode. (A typical PMT has a dark current of about 1 aA. Special lowbackground PMTs have small refrigerated photocathodes with dark currents as low as 1 zA.) A second
limitation is the maximum detectable light level for the PD and the PMT. The maximum is limited by
the ability of the device to replenish the charge delivered to the output. A typical PD can generally deliver 1 mA (depending on cross-sectional area) in either the PV or PC modes, but in the PC mode the
voltage drop across the output resistor cannot exceed the bias voltage plus the open-circuit voltage of the
PD. The PMT gain will be reduced if the anode current is large enough to deplete the current (–HV/Rtot)
supplied by the voltage divider. In practice, the current supplied by the voltage divider is a few mA and
therefore the anode current must be kept well below 1 mA to keep the voltages, and therefore the gain,
consant. The third limitation is the minimum response time, or equivalently the maximum response frequency. The minimum response time of both the PD and the PMT are generally equal to the effective
RC time of the combined internal and external circuits.
KPMT =

ADDITIONAL READING
Hamamatsu Photodiode Catalog. Hamamatsu Photomultiplier Tube Catalog.
The Art of Electronics, 2nd ed., by Paul Horowitz and Winfield Hill (Cambridge University Press, Cambridge 1989), pp. 996-998.
Fundamentals of Photonics, by B. A. Saleh and M. C. Teich (Wiley, New York 1991), Ch. 17.
Photomultiplier Handbook, D. R. Carter, Ed. (Burle, 1992).
Photomultiplier Tube: Principle to Application, Hidehiro Kume, ed. (Hamamatsu, 1994)
Physics of Semiconductor Devices, 2nd ed., by S. M. Sze (Wiley, New York 1981), p. 749-787.
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PROCEDURE
LASER SAFETY NOTE: The surfaces of the power meter, the polarizers, and the photodiode reflect
some of the laser light. The reflected light is a hazard and must be safely contained.
ELECTRICAL SAFETY NOTE: The high voltage source can injure you or damage equipment. Make
sure all connections are correct and safe and consult the instructor or TA before turning it on.
ACTIVITY 1: MEASURE THE RESPONSIVITY OF A PHOTODIODE (PD)
Equipment: photodiode, He-Ne or diode laser, attenuator, picoammeter, power meter
Insert the PD in the circuit board and connect the PD directly to the picoammeter according to the
circuit in Fig. 2–2a. Draw a diagram of the setup and an electrical schematic. Hold the circuit board so
that the PD faces upward and record the current. Cover the PD with an opaque object and record the current. Mount the circuit board with the PD facing the laser (but with the laser aperture closed) and record
the PD current. Record in detail all your observations, measurements, as well as the procedure and
methods you used.
Open the laser aperture (safely!) and adjust the PD so that the laser beam is centered on the active surface of the photodiode. Record the PD output current and power meter reading for at least ten different
power levels obtained by adjusting the attenuator. Make a graph of PD current vs. power. From this
graph, determine the PD responsivity KPD.
Questions: (As always, answer these in you lab notebook before turning it in.)
1) Calculate the responsivity KPD of the PD.
2) Calculate the quantum efficiency Q of the PD.
3) Are there any signs of saturation in your graph? If so, what is the saturation current?
4) Are there any signs of “dark current” or currents not due to the laser light? Explain.
ACTIVITY 2: PD MEASUREMENTS WITH REVERSE BIAS
Equipment: photodiode, resistors, battery, He-Ne laser, voltmeter, power meter
Insert the PD in the circuit board and connect one of the resistors (measure its resistance), PD, battery, and voltmeter as shown in Fig. 2–2b. Draw a diagram of the setup and an electrical schematic.
Hold the circuit board so that the PD faces upward and record the output voltage.
Continue as in Activity 1 except now you will measure the voltage across the resistor instead of the
current. Repeat with two different resistors. Make a graph of voltage vs. power for each resistor. Determine the PD responsivity KPD from these this graphs. You have now calibrated your own optical power
meter! Label it with your initials and set aside for later use.
Questions:
1) Compare the three values of the responsivity KPD obtained in Activities 1 and 2.
2) Do your measurements agree with Fig. 2–3a? Why or why not?
3) Are there any signs of saturation in either of the two graphs you just made? Explain.
4) Explain the similarities and differences of the three graphs from Activities 1 and 2.

Experiment 2

© 2014 Stephen Ducharme, University of Nebraska

Page 2–6

Physics of Lasers and Modern Optics

Laboratory Manual

ACTIVITY 3: MEASURE THE RESPONSIVITY OF A PHOTOMULTIPLIER TUBE (PMT)
Equipment: PMT and housing, voltage source, picoammeter, He-Ne, power meter
Note: Photomultipliers are very sensitive to light and can be damaged if exposed to room light or to
light of more than 1 mW total power when the high voltage is applied. Even when there is no applied
voltage, room light will increase the PMT’s dark current for many hours hence by exciting long-lived
fluorescent defects in the glass.
Use your calibrated photodiode circuit from Activity 2 or a commercial power meter to determine
the relative transmission of the optical filter by measuring the He-Ne laser power with and without the
filter in front of the photodiode. You have now calibrated the filter!
Place the optical filter directly in front of the PMT’s entrance to reduce the amount of light admitted.
Connect the high-voltage source to the PMT cathode and the picoammeter to the PMT anode. Set the
PMT anode switch to “A”. Show your connections to the laboratory instructor or TA before proceeding.
Close the PMT shutter to block light from entering. Turn on the high voltage supply and set the voltage to –1000 volts. The cathode voltage must be negative or else the PMT may be damaged. Record the
anode current displayed by the picoammeter. Uncover the PMT entrance and record the current. If the
anode current has increased by more than 20%, turn off the room lights and use desk lamps or flashlights. Place the attenuator in front of the He-Ne laser.
Open the laser aperture (safely!) and adjust the attenuator for maximum transmission. Then adjust
the attenuator until the light is barely visible on a white piece of paper. Direct this light into the PMT
aperture and adjust both PMT and laser position for maximum anode current. Record the anode current
and the light power for at least ten different power laser levels, making sure that the anode current does
not exceed 0.05 mA. Make a graph of the PMT anode current vs. Power. From this graph, determine the
PMT responsivity KPMT.
Questions:
1) Calculate the responsivity KPMT of the PMT. Compare this to the PD.
2) Calculate the gain G of the PMT if the quantum efficiency Q is 1%.
3) Are there any signs of saturation in your graph? Explain.
4) Are there any signs of dark current or currents not due to the laser light? Explain.
ACTIVITY 4: MEASURE THE GAIN CURVE OF A PHOTOMULTIPLIER TUBE PMT
Equipment: PMT and housing, high-voltage source, picoammeter, He-Ne, power meter
Set up as in Activity 3 with the laser power level set to produce an anode current of approximately
10 µA with the power supply set at approximately –750 V. Measure the laser beam power P with the
power meter. Measure the anode current of the PMT for at least ten different values of the power supply
voltage from –200 V to –1100 V. Make a graph of PMT anode current vs. Voltage.
Questions:
1) Graph the data to show the functional relationship between voltage and gain. (Hint: make a
log-log plot)
2) What is this relationship, and what is its key parameter?
3) Calculate the value of this key parameter.
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ACTIVITY 5: MEASURE THE ABSOLUTE GAIN OF A PMT
Equipment: PMT and housing, high-voltage source, oscilloscope
Set up as in Activity 3. Connect a 100 kW resistor and a 10-20 pF capacitor across the PMT anode.
Close the PMT shutter and connect the PMT. Monitor the anode current by connecting the vertical input
of the oscilloscope across the resistor. Close the PMT shutter and set the PMT power supply at approximately –1000 V. Make a sketch of the oscilloscope output while the shutter is closed and at several stages as you open the shutter. Note especially the amplitude, duration, and number of pulses on the screen.
Questions:
1) Are all the pulses the same height? Explain your answer.
2) Calculate the average area under five or more of the pulses and use this to calculate the
charge passing though the resistor during each pulse.
3) Calculate the average PMT gain using the result of Question 2.
4) Calculate the PMT quantum efficiency Q by combining the results of Activities 3 & 4.
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EXPERIMENT 3: Fundamentals of Laser Operation
DESCRIPTION
PURPOSE
Learn the principles of laser operation and the main components of a laser.
INTRODUCTION
A LASER (Light Amplification by Stimulated Emission of Radiation) is an electromagnetic oscillator that combines Light Amplification with feedback much in the way an electronic oscillator can be
constructed by a current amplifier and feedback (unwanted in the case of public address systems). These
oscillators are diagrammed in Fig. 3–1.
delay
L

C

electronic oscillator
R
amp
feedback

feedback

amp

optical oscillator
delay

Figure 3–1a: An Electronic Oscillator

Figure 3–1b: An Optical (Laser) Oscillator

An oscillator has three main components: Amplification, Delay, and Feedback. The electronic oscillator is made by feeding the output of an amplifier through a delay (e.g., a capacitor and inductor, Fig.
3–1a) back into the amplifier input. The laser is made by feeding the light from an optical amplifier, using mirrors, through a delay (the travel time of the light), back into the amplifier (Fig. 3–1b). We will
next examine the general process of optical amplification by stimulated emission and then see how to
produce feedback and delay with an optical resonator.
Optical Amplification (and Population Inversion)
All atoms behave according to the principles of quantum mechanics. One of the key consequences of
this is that the electron motion is not arbitrary, but must fit one of a series of discrete, quantized orbits,
or ‘states’. Each state is associated with a particular potential energy level E. These states are often depicted by their analogous classical orbits, as shown in Fig. 3–2. (The orbits, however, are merely pictorial, because electrons behave like clouds of charge surrounding the atom – more quantum mechanics.)
The larger the radius of the orbit, the higher the energy level. In order for an electron to change orbit, it
must receive or emit a discrete unit, or ‘quantum’ of energy DE = Efinal – Einitial. (This concept is the
origin of the term ‘quantum leap’, which is often misused in colloquial language and bad TV series.)
Atoms and molecules can change their energy levels by interacting with light through one of three processes: Absorption, Spontaneous Emission, and Stimulated Emission.
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Absorption; Spontaneous Emission; Stimulated Emission
(Stimulated) Absorption (Fig. 3–2a). An atom or molecule in a lower initial state (dashed line) with
energy Einitial can be excited to a higher energy state Efinal (solid line) by absorbing (capturing) a photon,
which is a quantum or electromagnetic energy. By the principle of conservation of energy, the energy
level difference DE = Efinal – Einitial is provided by the energy of the photon energy hn = DE. This process
also called stimulated absorption because it is the atom’s response to electromagnetic stimulation from
the incoming photon. For example, stimulated absorption is responsible for the colors of dyes, which
absorb at frequencies depending on chemical structure.
h!

h!

Figure 3–2a: (Stimulated) Absorption

Figure 3–2b: Spontaneous Emission

h!

2h!

Figure 3–2c: Stimulated Emission

Spontaneous Emission (Fig. 3–2b). An atom or molecule in an excited state (dashed line) with excess
stored energy DE can release that energy spontaneously, and transition to a lower energy state (solid
line) by emission of a photon with frequency n = –DE/h (the minus sign is because the atom loses energy
in this case, so DE is negative, but photon energies are always positive. Spontaneous emission is responsible for the nearly all the light we see.
Stimulated Emission (Fig. 3–2c). An atom or molecule in an excited state with excess stored energy
(dashed line) DE can be stimulated to release energy by an incident photon of the exactly the same frequency (n = DE/h). The result is that the atom emits not one, but two, photons with the same frequency,
using the energy of the incident photon plus the energy stored by the excited atom. Stimulated emission
is the process that provides optical amplification in most lasers, since one photon in produces two photons out, an amplification factor of exactly two per event.
Atomic systems have many characteristic energy levels, so they can
absorb or emit light at many different
frequencies given by nij = –DEij/h,
where DEij = Ej – Ei is the energy difference between initial level i and final
level j. Optical amplification occurs
when the rate of stimulated emission
exceeds the rate of (stimulated) absorption, producing gain G where
light out
.
(3–1)
light in
Amplification (G > 1) occurs in an
atomic or molecular system with a
population inversion, which means
G=
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that the number of excited atoms (or molecules) exceeds the number of unexcited atoms or molecules.
This means that there will be more stimulated emission than stimulated absorption. In practice, a population inversion is usually created by a round-about route like the “four-level system” of the He-Ne laser
shown in Fig. 3–3. (Actually, this is not a true four-level system, but effectively behaves like one because of the intermediate energy transfer from helium to neon.) An atom is first excited (by optical, electrical, or other means) through the “pump transition” from the starting level -0- to a temporary holding
level, or group of levels, -3-. The atom quickly relaxes to a meta-stable level -2-. Stimulated emission
occurs from level -2- to level -1- and the atom relaxes quickly back to level -0- before it can cause (undesirable) stimulated absorption of the laser light from level -1- back to level -2-. We say that there is a
population inversion between levels -2- and -1- because at any given time more of the atoms are at level
-2- than at level -1-. In this case, the rate of stimulated emission will exceed the rate of stimulated absorption and the collection of atoms will provide net amplification.
Laser Resonators and Standing Waves
The optical feedback and delay functions are provided by an optical resonator, such as the one shown in
Fig. 3–4, constructed with two mirrors that face each other. The mirrors serve to recirculate, or feed back, the light
with efficiency R = R1R2, the product of the reflectivities
R1 and R2 of the two mirrors. The delay time t = 2L/c is
the time it takes light to complete a round trip between
the mirrors. The net gain for a complete round trip is GR
and must be equal to unity to sustain steady oscillation.
The condition GR = 1 means that the gain compensates
for the loss and the oscillator will operate with steady
power. (What if GR < 1, or GR > 1?)
There is an additional criterion that after each round
trip the light wave crests line up with the crests from the
previous round trip, and so on, through many round trips.
This is called “resonance” and results in a standing wave
as shown in Fig. 3–4b. This condition is similar to the
resonances associated with mechanical standing wave on
a guitar string or standing sound waves in an organ pipe.
The condition on the mirror separation is that one round
trip contains an integral number of wavelengths, or 2L =
ml, where m is an integer. The resonant frequencies are

R1

R2

Figure 3–4a: Optical Resonator

λ

R1

R2

Figure 3–4b: Standing Waves

nm = c/l = mnfsr,

(3–2)

where the free spectral range nfsr = c/2L is the separation between resonance frequencies. Fig. 3–4b has
harmonic number m = 4, but a typical visible wavelength laser resonator might have length L = 30 cm
operating at wavelength l = 600 nm so that m = 1 million. Figure 3–5a shows resonant frequencies for
such an optical resonator near m = 1 million. For an L = 30 cm resonator, the spacing between succes-
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sive resonance frequencies is Dn = c/2L = 500 MHz while the resonance frequencies are near nm = c/l =
500 THz, one million times larger.
The spectrum, or collection of different frequencies, emitted by a laser, is a combination of the resonant frequencies nm of the many possible standing optical waves in the resonator (Fig. 3-5a) with the
range of frequencies in the gain spectrum Dn (Fig. 3-5b) produced by stimulated emission and population inversion. The laser output spectrum (Fig. 3-5c) is the product of the cavity resonant spectrum (Fig.
3-5a) and the gain spectrum (Fig. 3-5b). Modified laser resonators can suppress all but one of the resonant frequencies, permitting more precise control of the frequency, a desirable feature in many scientific
and engineering applications.
The typical He-Ne laser illustrated in Fig. 3–6 consists of
a sealed tube containing a mixture of helium and neon gasses
and an optical resonator. An electrical discharge in the tube
excites the helium atoms, which then collide with the neon
atoms, transferring excess energy to pump the neon atoms
from level -0- to level -2- (see Fig. 3–3). The neon atoms develop a population inversion between levels -2- and -1-,
providing optical gain. The light circulating between the two
mirrors is amplified by the stimulated emission from the excited neon atoms on each round trip. One mirror, called the
back reflector, has high reflectivity (>99%) while the other
mirror, called the output coupler, has lower reflectivity (typically 95 to 98%) and transmits a fraction (2 to 5%) of the light Figure 3-5: Typical laser output spectrum.
to the outside. This is the laser output that we observe. The
power inside the laser is 20 to 50 times higher than the power emitted.
100 %
mirror

He-Ne plasma tube (gain medium)

Brewster
window

98 %
mirror

L
Figure 3–6: Construction of a He-Ne laser.

ADDITIONAL READING
*Spindler and Hoyer He-Ne Laser Catalog (bound in the red master lab. manual).
Modern Physics, by R. Serway, C. J. Moses, and C. A. Mayer (Saunders, Philadelphia, 1989).
*Quantum Electronics, third ed., by A. Yariv (Wiley, New York, 1989), Ch. 7-9.
*Fundamentals of Photonics, B. A. Saleh & M. C. Teich (Wiley, New York 1991), Ch. 9, 12-14.
*MIT Wavelength Tables, George R. Harrison, ed. (MIT Press, Cambridge, 1969).
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PROCEDURE
SAFETY NOTE: The power supplies for the discharge tube in the He-Ne laser generate high voltages
(up to 5 kV). Do not touch the leads or electrodes unless your are sure that they are safe.
ACTIVITY 1: OBSERVE THE FLUORESCENCE FROM A NEON TUBE
Equipment: Neon discharge supply, hand-held spectrometer, scanning spectrometer
Energize the neon tube and view the spectrum through the hand-held spectrometer. Record the
wavelengths of the prominent emission lines. Focus the fluorescent output on the entrance slit of the
scanning monochromator and record on the chart paper the visible emission lines in the visible range
from 5000 Å to 7500 Å. Recommended slit width 50 µm, PMT voltage –1000 V. Label the wavelengths
of the peaks.
Questions:
1) How many emission lines did you identify in the fluorescence spectrum?
2) Identify the lines correspond to the neon lines listed on the NIST web site
http://www.nist.gov/pml/data/handbook/index.cfm.
3) Which of the observed fluorescence lines are used in He-Ne lasers listed in the Spindler and
Hoyer catalog?
4) Can you tell which are spontaneous emission lines and which are stimulated emission lines?
Explain.
5) Is it be possible to make lasers based on all the emission lines? Why or Why not?
ACTIVITY 2: OBSERVE THE TRANSMISSION OF AN OPTICAL RESONATOR
Equipment: He-Ne laser, Fabry-Perot Étalon (optical resonator), lens
Note: Do not to touch the ($$) mirror surfaces as fingerprints will ruin them and identify you!
Direct the He-Ne laser beam through the étalon at near-normal incidence, but slightly tilted to prevent laser light from returning to the laser. Expand the output onto a distant white screen with the lens.
Adjust the étalon to produce horizontal fringes (alternating bright and dark lines), then to produce vertical fringes. Sketch these patterns in your notebook. Note which adjustments produce which changes in
the fringe pattern. Measure the mirror separation.
Now place the lens between the étalon and the laser. Adjust the étalon mirrors so that the output intensity pattern is symmetric. Sketch the pattern observed on the screen. Slowly adjust the mirror separation and observe the result. Slowly increase the étalon spacing and observe the motion of the fringes.
Repeat by decreasing the étalon spacing. Record the position of the étalon micrometer, adjust the étalon
spacing as the fringes move exactly ten fringe spacings, record the new micrometer position. Repeat five
times. Graph the micrometer reading vs. fringe number. Measure the mirror separation.
Questions:
1) Which of the three configurations would make the best laser cavity, straight fringes, circular
fringes, or uniform intensity? Explain?
2) Calculate the free spectral range nfsr of the resonator.
d´ distance of micrometer travel
3) Calculate the calibration factor
=
using your graph.
d
distance of mirror travel
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ACTIVITY 3: OBSERVE LONGITUDINAL LASER MODES
Equipment: He-Ne, spectrum analyzer (a fancy $$$ Fabry-Perot Étalon), oscilloscope
The laser beam and spectrum analyzer should be pre-aligned to produce uniform fringes. Set the
spectrum analyzer controls as follows: Bias 350 V, Duration 100 ms, Amplitude 100 V. Display the
voltage monitor and detector signals on the oscilloscope with its time base set to 10 ms/div and vertical
sensitivity to 200 mV/div. Adjust the Ramp Amplitude until five peaks are scanned during one sweep.
Adjust the Bias controls again to maximize the height of the peaks. Sketch the oscilloscope display.
Record your observations and interpretations of their cause.
Decrease the Ramp Amplitude until only two peaks appear during one sweep. Adjust the Ramp Bias
to center the peaks on the screen. Measure and label the separation of the two main peaks, in seconds.
Measure and label the separation of neighboring sub-peaks.
Questions:
1) How many distinct longitudinal modes (sub-peaks) did you find for each main peak.
2) What is the nfsr of the spectrum analyzer? Calculate the mirror separation.
3) Calculate the free spectral range nfsr of the laser in GHz (Hint: use the results of Activities 1
and 2).
4) Calculate the laser mirror separation.
ACTIVITY 4: ALIGN THE HE-NE LASER
Equipment: He-Ne tube, power supply, output coupler mirror, PD, hand-held spectrometer.
Safety Note: You will have a Class II or Class IIIa laser system, if you succeed.
Measure the reflectance and transmittance of the output coupler. Mount the output coupler facing the
front of the laser tube (the end with the slanted window) 40 cm from the rear reflector. Sketch the laser
apparatus and label approximate dimensions. Position a white screen 20 cm beyond the output coupler.
Energize the laser tube and look for the reflected fluorescence spot on the white screen on the front of
the laser tube cover. Adjust the mirror so the fluorescence spot is 5 mm above and left of the laser tube
end. Conduct a scan of the mirror orientation, left-right and up-down until lasing is achieved. This takes
much dexterity and even more patience. Place the power meter probe in the beam output and adjust the
mirror to maximize the laser output. Record the maximum output power with the power meter.
View the laser output on the screen through the hand-held spectrometer and record the wavelength.
(Do not put the spectrometer directly in the laser beam. (Why not?) Record the fluorescence emission
wavelengths emitted from the side of the tube and the wavelength of the laser output using the hand-held
spectrometer.
Move the output mirror away from the tube in 5 cm increments, realigning each time, to find the furthest back that you can obtain laser emission.
Questions:
1) Why is the laser output so sensitive to the tilt angle of the mirror?
2) Why is the diameter of the central laser tube containing the glowing discharge so small?
3) Why is the laser output spectrum different from the tube emission spectrum?
4) Calculate the laser power inside the cavity.
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ACTIVITY 5: TEST LASER CAVITY STABILITY (OPTIONAL)
A laser resonator (or “cavity”) is most useful if it is stable, meaning that it keeps the light confined
within the cavity after many round trips. A “marginally stable” laser resonator consisting of two flat mirrors, shown in Fig. 3-7a, will work reasonably well, but light will be lost by diffraction at the mirror
edges. The resonator shown in Fig. 3-7b works much better because the concave mirror refocuses the
light after each round trip, to compensate for beam spread by diffraction. If the separation L between the
mirrors is less than the radius of curvature R of the concave mirror, then the light will be refocused after
each round trip; the resonator is “stable.” If the separation L between the mirrors is greater than the radius of curvature R of the concave mirror, then the light will be escape from the resonator; the resonator is
“unstable.” The stability of resonators with two curved mirrors (Fig. 3-7c), either convex or concave,
can be analyzed using geometrical optics to produce the following requirement for a stable resonator
[Yariv, p. 142]:
(3-3)
where the radius of curvature of each mirror
or
is positive if the mirror is concave facing inward
(as in Fig. 3-7a &b) and negative if convex facing inward. (A flat mirror has radius of curvature R = ∞).
Special laser resonators are specifically designed to be unstable and are more suitable for high energy
pulsed operation.

L

Figure 3–7a: Flat-Flat

L

Figure 3–7b: Flat-Convex

L

Figure 3–7c: Convex-Convex

Equipment: He-Ne tube and power supply, concave mirror, power meter
Set up the laser with the concave output coupler located 40 cm from the back mirror as in Activity 4.
Optimize and measure the laser output power. Repeat for distances of 45 cm, 50 cm, 55 cm, and 60 cm.
Repeat with the flat output coupler. Now slowly slide the output coupler away from the laser tube along
the track while watching the laser output on a white screen. If the laser appears to fade out, stop sliding
and readjust the mirror. Continue sliding until it is no longer possible to obtain laser action. Record the
distance at which this point is reached. Plot the laser output vs. distance with each mirror for at least four
distances.
Questions:
1) From your results, estimate the curvature of the output coupler? (The back reflector is flat.)
2) Why does the laser output depend on L differently for flat and curved mirrors?
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EXPERIMENT 4: Geometrical Optics
DESCRIPTION
PURPOSE
Learn the principles of thin lenses and image formation.
INTRODUCTION
Review the principles of thin lenses and image formation in one of the following texts or your own
physics textbook. Some of these will be available for reference in the laboratory.
Any Sophomore Physics (PHYS 212 or 142) text: for example, University Physics, Ch. 34. Optics
(PHYS 452): Hecht, Chapter 5.
Read carefully the sections on the following topics:
Sign Conventions
Lens Maker’s Formula (thin lenses in vacuum; f = focal length, r = radius of curvature, n = refractive index)

#1 1 &
1
= (n −1)% − (
f
%$ r1 r2 ('

(4-1)

Gaussian Object/Image Formula (single thin lens; p = object distance, i = image distance)

1 1 1
= + [i > 0, real image; I < 0, virtual image]
f o i

(4-2)

Two adjacent thin lenses

€

1 1
1
=
+
f f1 f 2

(4-3)

Transverse Magnification (ho = object size, hi = image size)

m=

hi
i
=−
ho
o

(4-4)

ADDITIONAL READING
University Physics, 12th ed., by H. D. Young and R. A. Freedman, (Addison-Wesley, Reading PA,
2007). Physics 211-212 text. (Y&F)
€
Optics, 4th ed., by Eugene Hecht (Addison-Wesley, Reading MA, 2002).
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PROCEDURE
NOTE: Be sure to make clear diagrams of the lens arrangements. Measure carefully.
ACTIVITY 1: FOCAL LENGTH FROM THE LENS MAKER’S FORMULA
Equipment: three lenses, spherometer, flat glass
The spherometer is a tripod with an additional micrometer-adjustable center post used to measure the
curvature of spherical surfaces. First measure the separations of the tripod legs. Record the position the
micrometer when all four posts rest on the flat glass. Then, gently set the spherometer on each lens surface and adjust the center post so that all four posts touch the surface. Read the micrometer position. Use
trigonometry to determine the radius of curvature of the surface from the spherometer readings. Draw
and label diagrams of the three lenses. Calculate the focal length of each lens using the radii recorded
and the lens maker’s formula. Be careful to assign the correct signs to the radii.
Questions:
1) What are some important assumptions in determining the lens focal length this way?
ACTIVITY 2: FOCAL LENGTH FROM AUTOCOLLIMATION
Equipment: Optical rail, lamp, pinhole, three lenses, mirror
Place the pinhole close to the lamp at one end of the optical rail. Place the mirror at the other end of
the optical rail facing the lamp and one of the converging lenses in between. Adjust the lens and mirror
so that an image of the pinhole is formed back on the pinhole screen about 1-3 mm to one side of the
pinhole. Verify that the image does not change size if the mirror is moved forward or backward along
the optical rail. Measure the distance from the lens to the pinhole. Repeat a total of five times, resetting
the lens position each time, and average the results. Make five similar measurements with the second
converging lens. Place the diverging lens adjacent to the converging lens with the shorter focal length.
Use the autocollimator to make five measurements of the effective focal length of this combined lens.
Calculate the focal length of the diverging lens.
Questions:
1) List the focal lengths of the three lenses determined by auto-collimation and compare to the
values determined in Activity 1.
2) Explain, using ray diagrams, how this type of auto-collimation measurement works?
ACTIVITY 3: REAL IMAGE FORMATION
Equipment: Optical rail, lamp, cross aperture, three lenses, viewing screen
Place the cross aperture close the lamp at one end of the optical rail and measure the aperture size ho.
Place the screen and one of the converging lenses on the rail. Focus an image of the cross aperture on
the screen and measure the object distance o, image distance i, and image size hi (and orientation, erect
or inverted). Repeat for a total of eight distinct object distances. Plot 1/i vs. 1/o and determine the lens
focal length from this plot. Calculate the actual and theoretical magnifications at each object distance
and the % difference between these values.
Questions:
1) Compare the focal length determined here to the results of activities 1 and 2. Which result is
most accurate? Explain.
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2) Calculate the shortest possible distance between real object and real image obtainable with
one converging lens of focal length f.
ACTIVITY 4: VIRTUAL IMAGE FORMATION
Equipment: Optical rail, diverging lens, white needle, black needle
Place the diverging lens on the optical rail with the white needle tip centered behind it. Suspend the
black needle inverted between the lens and the white needle. View the white needle through the lens and
the black needle peeking above the lens. Move your head from side to side while simultaneously sliding
the black needle so that it remains stationary with respect to the image of the white needle. Record the
object and image distances. Repeat for a total of four different object distances. Plot 1/i vs. 1/o and determine the lens focal length from this plot.
Questions:
1) Is it possible to form a real image of a real object using a diverging lens? Explain.
ACTIVITY 5: VIRTUAL OBJECTS
Equipment: Optical rail, converging & diverging lenses, lamp, cross aperture, viewing screen
Form a real image on the screen near the center of the optical rail using the shorter-focal length converging lens. Measure the object and image distances and the image size. Place the diverging lens between the converging lens and the screen and adjust the diverging lens position to form an image on the
screen placed at the far end of the optical rail. Carefully measure all relevant distances and the image
size. Repeat for a total of three distinct image positions. Draw a detailed diagram showing the locations,
orientations and types of the objects and images.
Questions:
1) Calculate the final image position and size from the Gaussian lens formula and compare to
your measurements.
2) How can a diverging lens forma real image?
ACTIVITY 6: SIMPLE TELESCOPE AND MICROSCOPE
Equipment: short Optical rail, converging and diverging lenses
Do one of the following:
a) Design a simple telescope with approximately 5X magnification. Build it on the short optical rail
with lenses available in the laboratory and test it by viewing an object at least 50 meters away.
b) Design a simple microscope with 20X magnification. Build it with lenses available in the laboratory and test it by examining tiny objects of your choice.
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EXPERIMENT 5: Polarization
DESCRIPTION
PURPOSE
Learn the properties of polarized light and of optical elements that affect polarization.
INTRODUCTION
Read the discussion of polarized light in Section 33.5 of Young and Freedman (Y&F) or a similar introductory physics (212) text. There are more advanced treatments in Hecht, Möller, Saleh & Teich, and
Azzam & Bashara. Pay attention to the following topics (notation as in Y&F):
Polarizing (Brewster’s) Angle qp

tan(θP ) =

n2
n1

(5-1)

Transmission Through Two Polarizers with crossing angle q (Law of Malus)

(5-2)

€

General polarization is a combination of purely polarized light (like that from most lasers) and unpolarized light
(like that from a light bulb or from the sun).
Polarized light can be described as a coherent combination of perpendicular linear polarizations or of left and
right circular polarizations.
The electric field for a polarized light beam with angular frequency w propagating along the z axis can be written:

!
E = E ox cos(ωt ) xˆ + E oy cos(ωt + δ ) yˆ

Elliptical Polarization (EP), [d ≠ 0,

(5-3)
]:

The electric Field Vector at z = 0 traces out an ellipse described
as follows:
€

Eoy

Ey
E
α

(5-4)

Eox

Ex

A linear polarizer selects a projection of the electric field, where the transmitted intensity is proportional to the
time averaged square of the electric field as follows.
2
$
'
E oy
E
2
I = I0 &cos (θ ) + 2 sin 2 (θ ) + oy sin(2θ ) cos(δ ))
E ox
E ox
&%
)(

(5-5)
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Some special cases:

Linear Polarization (LP), d = 0:

Eoy

Ey
E
θ

I (θ ) = I0 cos 2 (θ )

€

(Law of Malus)

Circular polarization (CP), Eoy = Eox = Eo and d = ±p/2:

Eox

Ex

Ey
E
ωt

Ex

I (θ ) = I0 2

€

UnPolarized (UP), d fluctuates rapidly and randomly:

Ey

[random unit vector]
I (θ ) = I0 2

(all polarizer angles)

Ex
E

€

Polarized light can be converted to different types using a Polarizer or a Wave Plate. A Polarizer,
such as a Polaroid sheet, prism polarizer, or Brewster angle polarizer, converts any form of polarized
light to linear polarization (LP) with electric field vector oscillating along the axis of the polarizer. A
Wave Plate (WP, sometimes called a “phase retardation plate”, or “retarder”) introduces a phase shift d
between orthogonal polarization components. A quarter-wave (l/4) plate introduces a shift of d = p/2,
which converts linear polarization to circular polarization, or visa versa. A half-wave (l/2) plate introduces a shift of d = p, which converts linear polarization along one axis to linear polarization along another axis. Wave plates have special axes and must have a particular orientation to produce the desired
result; if a wave plate is placed with an arbitrary orientation, the result is arbitrary, i.e., elliptical, polarization.
ADDITIONAL READING
University Physics, 12th ed., by H. D. Young and R. A. Freedman, (Addison-Wesley, Reading PA,
2007). Physics 211-212 text. (Y&F)
Optics, 4th ed., by Eugene Hecht (Addison-Wesley, Reading MA, 2002).
Fundamentals of Photonics, by B. A. Saleh and M. C. Teich, (Wiley, New York 1991).
Ellipsometry and Polarized Light, by Azzam and Bashara (North Holland, Amsterdam, 1977).
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PROCEDURE
ACTIVITY 1: MICROWAVE POLARIZATION
Equipment: Microwave generator, two microwave polarizers (slotted metal plates), microwave detector.
Determine the direction of oscillation of the electric field of the radiation emitted by the generator
using the polarizers. Explore the combined effects of the two polarizers.
Questions:
1) What is the direction of polarization with respect to the orientation of the microwave antenna? Sketch.
2) What is the direction of polarization transmitted by the slotted plate? Sketch.
3) How would you measure the polarization of emissions from an AM radio station? What direction do you think the emitted polarization is? Sketch.
ACTIVITY 2: POLARIZATION BY REFLECTION–BREWSTER’S ANGLE
Equipment: incandescent lamp, glass plate, two sheet polarizers, spectroscope table, organic imaging
detector system (your eyes).
Illuminate the spectroscope entrance slit with the lamp. Place the glass plate on the center of the rotation platform so that the polished surface of the glass plate is facing the entrance slit. Observe the reflection of the lamp from the glass plate through the sheet polarizer and viewing telescope. Experiment
with different angles of incidence and different polarizer orientations. Rotate the plate until the light reflected from its surface is polarized. Measure the angles of incidence and reflection.
Questions:
1) What is the direction of polarization of light reflected from the surface of the glass? Diagram
and explain.
2) What is the orientation of the polarization axis of polarized sunglasses. Why?
3) Draw a diagram of the polarization of skylight relative to the position of the sun.
4) Calculate the index of refraction of the glass from the measured polarization angle.
ACTIVITY 3: EXTINCTION RATIO
Equipment: He-Ne laser, two prism polarizers, two sheet polarizers, PD detector system (not your
eyes).
Adjust the orientation of the He-Ne laser housing so that it’s polarization is approximately vertical
(perpendicular to the optical table) with the help of the sheet polarizer. Now place one of the prism polarizers in the He-Ne laser beam and rotate the polarizer to minimize the transmitted light intensity and
record the angle reading on the scale. Reverse the orientation of the polarizer, so that the entrance and
exit faces are reversed, minimize the transmission, again recording the angle. Now set the polarizer angle midway between the two previous settings and rotate the laser housing to minimize the transmission.
The transmission should be minimized when the polarizer is again reversed; if not, make minor adjustments as necessary.
Here you will determine the Extinction Ratio (maximum transmission/minimum transmission) for
pairs of polarizers. The extinction ratio for two polarizers is most easily determined by adjusting the orientation of the second polarizer to find and measure the maximum and minimum transmitted power.
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Measure the extinction ratio for the following pairs: the He-Ne laser and one prism polarizer; two
prism polarizers; two sheet polarizers; one sheet polarizer and one prism polarizer.
Questions:
1) Which combination of polarizers gives the largest extinction ratio.
ACTIVITY 4: LINEAR POLARIZATION (MALUS’ LAW)
Equipment: He-Ne laser, two prism polarizers, PD detector.
Be sure the He-Ne laser polarization is perpendicular to the table as in activity 3.
Place one prism polarizer in the laser beam and adjust it for maximum transmission. Place the second polarizer after the first an measure the power of the transmitted beam as a function of polarizer orientation in 15° steps from 0° to 360° (define 0° as the orientation of maximum transmission). Plot your
results (power vs. polarizer angle) on a rectangular plot and on a polar plot. Calculate the Extinction Ratio (maximum transmission/minimum transmission) from your data.
Questions:
1) Plot the theoretical expression for Malus’ law on both graphs. How do they compare?
ACTIVITY 5: CIRCULAR POLARIZATION
Equipment: He-Ne laser, quarter-wave plate (QWP), prism polarizer, power meter.
Place the polarizer in the He-Ne laser beam and adjust for minimum transmission, noting its orientation angle. Place the QWP between the He-Ne and the polarizer and adjust for minimum transmission,
noting its orientation angle. Now rotate the QWP by 45°. Adjust the QWP tilt until the transmitted power is the same with the final polarizer at 0° and 90° orientation to within 2%. Record the power exiting
the polarizer as a function of polarizer orientation angle in 10° steps through the full 360 degrees. Make
rectangular and polar plots of power vs. polarizer angle.
Questions:
1) What type of polarization should the QWP produce?
2) Is the actual polarization the same as expected?
Reset the polarizer and QWP to their original orientations, so that the transmission is minimum. Rotate the QWP by 20°. Record the power exiting the polarizer as a function of polarizer orientation angle
in 5° steps through the full 360 degrees. Plot your results (power vs. polarizer angle) on a polar plot.
3) What type of polarization is this?
4) Make a sketch representing your results like the one on p. 5-1.
5) Calculate the phase shift d from your data. (See Eqs. 4 & 5).
ACTIVITY 6: UNPOLARIZED LIGHT
Equipment: lamp, quarter-wave plate (QWP), sheet polarizer.
View the lamp through the sheet polarizer with all possible orientations. Place the QWP between the
lamp and sheet polarizer and view for all orientations of both the QWP and the sheet polarizer.
Questions:
1) What type of polarization should the lamp produce?
2) Does your first observation (without the QWP) prove the answer to question 1? Explain.
3) Does your second observation (with the QWP) prove the answer to question 1)? Explain.
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EXPERIMENT 6: Gaussian Beams
DESCRIPTION
PURPOSE
Learn the characteristics of Gaussian beams and their propagation through space and lenses.
INTRODUCTION
Read pages 80-95 of Fundamentals of Photonics by Saleh and Teich (Wiley, New York 1991). Another good text covering Gaussian beams, but at a higher level, is Quantum Electronics, second edition,
by Amnon Yariv (Wiley, New York 1989).
Gaussian beams are best described in cylindrical coordinates with z along the beam axis and the cylindrical radius r = x2 + y2 is transverse to the beam. Read the section of Saleh and Teich carefully,
paying attention to the following topics:
Intensity Profile I(r,z)

(6-1)
Beam Radius W(z)

(6-2)
Beam Waist W0 (minimum beam radius) and focal depth z0

(6-3)
Wavefront Curvature R(z)

(6-4)
Note: The integral of a Gaussian function is the error function
,
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PROCEDURE
Note: Be sure to make clear diagrams.
ACTIVITY 1: MEASURE GAUSSIAN BEAM PROFILE
Equipment: He-Ne laser, razor blade, micrometer stage
Mount the razor blade on the micrometer stage and place immediately in front of the laser oriented
so that the blade can be translated across the laser beam. Expand the laser beam with the diverging lens
and view the beam on the screen. Watch the screen as the razor blade is slowly translated back and forth
across the beam. Now remove the lens and place the power meter in the laser beam. Be sure the laser
power has stabilized before proceeding. Measure the beam power as a function of the razor blade position for at least 20 positions and plot your data. Plot the derivative of the power vs. position data and
measure the Gaussian width W, which, according to Eq. 3.1-12, is half the width of this plot measured at
the 1/e2 points on the plot. Record the positions of the blade when the transmitted power is equal to 20%
and 80% of the total beam power.
Questions:
1) What is the expected shape of the second curve you plotted?
2) What is the expected shape of the first curve you plotted? (Hint, consider the integral of Eq.
3.1-12 over the range x0 ≤ x < ¥ with the blade as one boundary x0.)
3) Derive an expression relating the beam width W and the 20%/80% power measurements.
Compare the value of W obtained this way with the value obtained from the second plot and
with the value given in the laser operating manual. (Hint: See Experiment 8, Activity 4)
ACTIVITY 2: QUICK METHOD TO MEASURE GAUSSIAN BEAM WIDTH
Equipment: He-Ne laser, optical chopper, photodiode, oscilloscope
The optical chopper is a rotating toothed wheel that alternately blocks and lets pass a light beam.
Place the chopper so that the outer set of teeth intercept the laser beam. Let the laser beam fall on the
photodiode. Connect output of the photodiode to one input of the oscilloscope. Set the oscilloscope to
trigger on the rising edge of the detector signal. Note that the detector signal is not perfectly square because it takes a finite time for the blade to cover the laser beam. Using the oscilloscope cursor controls,
measure the time it takes the photodiode signal to rise from 20% to 80%. The distance traveled by the
chopper blade during this time is equal to the blade velocity times the measured 20% to 80% time. Be
sure to determine the blade velocity. correctly. Calculate the beam width W from the 20% to 80% beam
width as in Activity 1. Do this twice, once with the blade crossing the beam horizontally and once crossing vertically.
ACTIVITY 3: MEASURE THE HE-NE LASER BEAM DIVERGENCE
Equipment: He-Ne laser, optical chopper, photodiode, oscilloscope
Measure the Gaussian width W of the He-Ne laser beam at 0 cm, 50 cm, 150 cm, and 200 cm using
the chopper method (Activity 2). Plot the beam width W vs. distance from the laser.
Questions:
1) Calculate the beam divergence angle q from your plot.
2) Compare the your value of q to the value in the laser operating manual.
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ACTIVITY 4: MEASURE THE PROFILE OF A FOCUSED GAUSSIAN BEAM
Equipment: He-Ne laser, optical chopper, photodiode, oscilloscope, lenses
Place a short focal length lens (f = 2.5–5 cm) lens immediately in front of the laser. Place a second
lens (f = 10–20 cm) to focus the light to a 2–5 mm diameter spot on the photodiode. Measure the beam
width W using the chopper method (Activity 2) at 10 locations including at the focal point. Plot your
data and compare to Eq. 6-2.
Questions:
1) Determine the focal depth z0 from your graph and calculate W0 using Eq. 6-3.
ACTIVITY 5: OBSERVE THE EFFECTS OF WAVEFRONT CURVATURE
Equipment: He-Ne laser, converging lens, micrometer stage, dual slits
Place the narrowest of the dual slits in the laser beam and place a viewing screen to observe the diffraction pattern. Slowly translate the slits and observe any changes in the fringe pattern, paying particular attention to the direction of motion of the fringe pattern and the slits. Now place a strong converging
lens in front of the He-Ne laser and the dual slits in the laser beam immediately after the lens. Slowly
translate the slits and observe the changes in the fringe pattern. Place the slits at the beam focus and repeat. Place the slits a little beyond the focus and repeat. Draw diagrams for each of these four situations
showing the wavefronts, slits, and the interference pattern.
Questions:
1) Explain why the interference patterns change the way they do as the slits move.
2) Suggest an alternate method of observing the effects of wavefront curvature.
ACTIVITY 6: GENERATE TEM MODES (OPTIONAL)
Equipment: open-frame He-Ne laser, lens, screen
Set up the open-frame He-Ne laser as in Experiment 3. Expand the beam onto the screen with the a
strong lens. Observe the patterns formed as the output coupler is tilted slightly. Sketch at least four distinct patterns and label the TEMi,j modes they represent. [Yariv, pp. 124-126]
Questions:
1) Explain the reason for the alternating bright regions in the patterns you observed.
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EXPERIMENT 7: Optical Fibers
DESCRIPTION
PURPOSE
Learn the principles of optical waveguides, optical communications, and Rayleigh scattering.
INTRODUCTION
Optical fibers are finding increasing use in telecommunications, computer networks, and other applications. Optical fibers carry optical beams from a source (e.g., a diode laser) to a receiver (e.g., a photodiode) by guiding the light within thin fiber of glass or plastic. Information, such as telephone
conversations or computer data, is transmitted along the fiber by modulating (e.g., rapidly turning on
and off) the source and recording the signal at the receiver. Figure 7–1 shows how information is transmitted over ordinary wires and over optical fibers.
signal
source
pre-amp
copper wire

electronic
system

Figure 7–1a: Telephone transmission with a wire.
current
source
signal
source

laser
diode
optical fiber

photodetector

pre-amp

electronic
system

Figure 7–1b: Telephone transmission with an optical fiber.

Optical fibers have three major advantages over copper wires for information transmission. First, fibers can carry information at a rate (modulation frequency) more than 1,000 times greater. Second, fibers are lighter and more compact. And third, optical signals in fibers are less prone to electromagnetic
interference from the outside, or leakage from inside.
Total Internal Reflection
The optical fiber guides light by total internal reflection (TIR). Figure 7–2a shows how a light ray
inside a medium (e.g., glass) with refractive index n1 embedded in a medium with a lower refractive index n2 is reflected as it strikes the interface at a glancing angle. The light is totally (100%) reflected provided that the interior medium has a larger refractive index, n2< n1, and that the light approaches the
interface at an angle greater than or equal to the critical angle qc = arcsin(n2/n1). An optical fiber is a
narrow cylinder of material surrounded by another material with lower refractive index (n2< n1), as
shown in Fig. 7–2b. Since the fiber is so narrow, the light is always traveling nearly parallel to the walls
and therefore is totally internally reflected without escaping. Optical fibers are flexible and can be bent
or coiled, provided that the bends are not too sharp, allowing the light to escape or causing the fiber to
crack or break. Larger “multimode” fibers allow the light to undergo multiple reflections as it travels.
The smallest fibers, called “single mode” fibers, have core diameters comparable to the wavelength of
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light and the light beam is channeled down the center of the fiber. Single mode fibers are the most efficient and are now used widely in long-distance telecommunication.

Figure 7–2a: Total Internal Reflection.

Figure 7–2b: Light ray inside an Optical Fiber.

The light gets progressively weaker as it travels down an optical fiber. This depletion, or loss, of
power is dominated by two mechanisms, absorption and Rayleigh scattering. The best communications optical fibers have very low absorption and Rayleigh scattering so that signals can be carried efficiently for thousands of kilometers before the power has decreased enough to require amplification or
regeneration of the beam.
Absorption is the property of matter that reduces the power of a light beam by converting some of
the light energy to internal forms of energy such as heat or chemical energy. In an absorbing medium the
light intensity decreases exponentially as it propagates along the x axis according to Beers’ law (no relation to the popular beverage)

I = Ioe−αx ,

(7-1)

where a is the absorption coefficient, a characteristic of the material. Absorption loss is the optical frequency analog of Ohmic losses in electrical conductors.

€
Rayleigh
scattering is the process in
which particles or imperfections of matter deflects, or scatter, light in all directions. When
light encounters microscopic particles, dust or
even the air molecules themselves, a small portion of the light is scattered in all directions
from the particle as shown in Fig. 7–3. Just as
for optical absorption, the light intensity decreases exponentially according to Beers’ law
(Eq. 1) where the total attenuation coefficient
a includes the absorption coefficient to acFigure 7–3: Rayleigh Scattering.
count for light absorbed within the fiber core,
plus the Rayleigh Scattering attenuation coefficient to account for light scattered out of the fiber core.
In optical fibers, Rayleigh scattering occurs mainly at imperfections, impurities, the glass atoms, and
roughness of the walls of the fiber core.
Rayleigh scattering is responsible for the blue color of the sky because the process is more efficient
for short wavelengths of light – blue more than red. If sunlight passed unimpeded through the atmosExperiment 7
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phere, the sky would be dark except for the direct light from the sun, planets, and stars as is the case for
the view from the surface of the moon.
ADDITIONAL READING
University Physics, 12th ed., by H. D. Young and R. A. Freedman, (Addison-Wesley, Reading PA,
2007). Physics 211-212 text. (Y&F)
Physics for Scientists and Engineers, 3rd ed., by Paul A. Tipler (Worth, New York 1991), pp. 987-989.
Optics, 4th ed., by Eugene Hecht (Addison-Wesley, Reading MA, 2002).
Optics and Spectroscopy Undergraduate Laboratory Resource Book, by Kevin M. Jones and Jefferson
Strait, (Optical Society of America, Washington, 1993), pp. 75-81.
Guided-Wave Photonics, by A. Bruce Buckman (Saunders College Pub., Fort Worth 1992).
An Introduction to Optical Fibers, by Allen H. Cherin (McGraw-Hill, New York 1983).
Optical Fiber Communications, edited by Tingye Li (Academic Press, Orlando 1985).
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PROCEDURE
SAFETY NOTE: The infrared semiconductor laser is a Class IIIb laser and therefore an eye hazard. It
is also invisible and laser goggles should be worn when the laser is operating.
NOTE: The optical fibers are very fragile, especially at the ends. Handle them with care.
ACTIVITY 1: Test the pulsed photodiode
Equipment: Pulsed laser diode with “pigtail”, amplified photodiode, oscilloscope.
Make sure the power to the laser diode is off. Mount the laser output fiber (the white fiber labeled
“A” in Fig. 7-4) in front of the amplified photodiode. Connect the laser diode trigger and current monitor cables to the oscilloscope trigger and channel 2, respectively. Connect the photodiode output to
channel 1 of the oscilloscope.
Turn on the laser diode power. Adjust the oscilloscope so that the current and photodiode signals are
displayed. Sketch these two traces. Measure the optical pulse duration and the current pulse duration
(FWHM). Record the time delay between the current pulse and the optical pulse.
Questions:
1) Why is the shape of the laser pulse different from the shape of the current pulse?
2) Estimate is the approximate timing resolution of the laser pulse.
3) What part of the system (laser, fiber, detector, oscilloscope) limits the time resolution.
ACTIVITY 2: Measure The Length Of The Optical Fiber
Equipment: Pulsed laser diode, multimode optical fiber, fiber coupler, fiber splices, amplified photodiode, oscilloscope.
Make sure the power to the laser diode is off. Inspect the components of the optical fiber splice, laser
“pigtail”, and the fiber coupler that have been should be pre-assembled as shown in Fig. 7-4. Place the
detector at the far end of the optical fiber, at “B” in Fig. 7-4. Adjust the oscilloscope so that the current
and photodiode signals are displayed and that the output pulse from the “B” end of the long optical fiber
is also displayed (increase the oscilloscope time/division). Sketch oscilloscope traces and record the time
delay between the initial laser pulse and the reflected pulse.
B

A
Figure 7–4: Set-up for OTDR, Optical Time Domain Reflectometry. (Jones & Strait, p 76)

Place the detector at the free end of the output coupler, at “A” in Fig. 7-4. Turn on the power to the
laser diode. Sketch these two traces. Record the time delay between the initial laser pulse and the reflected pulse. Now, carefully dip the distant end “B” of the optical fiber into the index-matching (n =
1.5) gel and watch what happens to the oscilloscope trace.
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© 2014 Stephen Ducharme, University of Nebraska

Page 7–4

Physics of Lasers and Modern Optics

Laboratory Manual

Questions:
1) What is the length of your fiber (assume refractive index n = 1.5 and the speed of light in a
vacuum c = 3.00 ´ 108 m/s) obtained with the detector at A? At A?
2) Sketch two possible paths of the laser pulse from the laser to the A.
3) Explain the change in the reflected signal due to dipping the fiber into the gel.
4) What is the minimum fiber length necessary to get well-separated timing pulses.
ACTIVITY 3: MEASURE THE ATTENUATION LENGTH OF THE OPTICAL FIBER
Equipment: Use the set-up from Activity 2 with the photodiode at “A” in Fig. 7-4.
Increase the photodiode amplifier gain and the sensitivity of the oscilloscope so that the decaying
signal between the beginning and reflected pulses fills the screen. Sketch the oscilloscope trace. From
the oscilloscope trace, estimate the exponential decay time T, where signal = const. ´ exp(–2t/T). Record 10 values of the signal vs. time from the display. Plot the log base “e” of your ten data points vs.
time (a semi-log plot) and obtain the slope.
Questions (answer all questions before leaving the lab):
1) Calculate the exponential decay time T of the signal from your plot.
2) Calculate the loss coefficient a = 1/(Tv) of the fiber in inverse kilometers.
3) Describe how the light signal recorded during the exponential decay gets to the detector.
(Hint: see question 2 of Activity 2.)
ACTIVITY 4: CONSTRUCT FREE-SPACE OPTICAL AUDIO LINK
Equipment: LED, fusion function generator, your photodiode (PD) power meter, oscilloscope, audio
amplifier and speaker.
Connect the output of the function generator to the Light Emitting Diode (LED) and the “sync” or
“trigger” output from the function generator to the oscilloscope trigger input. Place the PD detector directly in front of the LED and connect the PD detector output to the oscilloscope input. Adjust the function generator to produce a clear oscillating signal on the oscilloscope with dc bias +3.0 V, ac amplitude
1.0 V, and frequency 2000 Hz.
Make sure the volume of the audio amplifier is turned all the way down. Connect the photodiode
(PD) output to the preamplifier R (right channel) input of the audio amplifier. Connect the R preamp
output to the power amp input. Connect the audio speaker to the R speaker output connectors. Carefully
increase the audio amplifier volume control until the function generator tone can be heard. Experiment
with the frequency and wave form of the function generator, noting the results on the oscilloscope trace
and on the sound. Move the photodiode detector away from the LED and note any changes in the sound
and in the oscilloscope trace.
Questions:
1) Why must the LED voltage be first set to 3.0 V before adding the voltage modulation from
the function generator?
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ACTIVITY 5: FOCUS LASER LIGHT INTO AN OPTICAL FIBER
Equipment: Laser diode (LD), current source, optical fiber, inspection microscope, microscope objective, amplified photodiode, oscilloscope.
Examine the both ends of the optical fiber with the inspection microscope. If the fiber end has dust
or debris stuck to it, try removing this with lens tissue or an air-duster. If the fiber end is not flat, strip
and cleave it to obtain a flat fiber end.
Use the microscope objective to focus the laser beam. Attach one end of the fiber to the positioning
stage so that the fiber end is at the focus the microscope objective. Record the focal length and numerical aperture of the microscope objective and the diameter of the laser beam. Position the other end of the
fiber directly in front of the amplified photodiode. Connect the output of the photodiode to the oscilloscope. Now slowly adjust the position of the fiber to maximize the power reaching the photodiode at the
other end.
Questions:
1) Why use a microscope objective instead of an ordinary lens?
2) Why must the optical fiber position be carefully controlled in three dimensions?
3) Calculate the numerical aperture of the focused laser beam.
4) Calculate the diameter of the focal spot d0 = fl/d (see Exp. 6 for further details), where d is
the beam diameter entering a lens of focal length f.
ACTIVITY 6: Construct a fiber-optic audio link
Equipment: Laser diode, function generator, oscilloscope, optical fiber, microscope objective, amplified photodiode, oscilloscope, audio amplifier and speaker, microphone
Continue with the set up from activity 5. Connect the output of the function generator to the current
source modulation input. Connect the amplified photodiode output to both the oscilloscope input and the
audio preamp input. Adjust the optical fiber signal to maximize the oscillating signal from the amplified
photodiode, as displayed on the oscilloscope. Carefully increase the audio amplifier volume until the
function generator signal is clearly audible, but not too loud. Try different frequencies and also generate
swept frequency to simulate the soundtrack of an old sci-fi movie. Disconnect the function generator and
connect the microphone preamp output to the current source modulation input. Slowly increase the microphone level until your voice can be heard clearly over the loudspeaker. Do not increase the level too
much as feedback may result.
Questions:
1) What component would you first change to improve the sound quality? Explain.
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EXPERIMENT 8: Semiconductor Diode Lasers
DESCRIPTION
PURPOSE
Learn the unique characteristics of semiconductor diode lasers.
INTRODUCTION
The semiconductor diode laser was predicted in 1959, one year after Schalow & Townes developed
the general theory of the laser. The first Laser Diode (LD) was independently demonstrated in 1962 by
groups at the corporate research laboratories of General Electric and IBM and the MIT Lincoln Laboratory two years after the first laser was built. The early semiconductor lasers operated only at cryogenic
temperatures, and therefore were not of much practical use. By the early 1970s, efficient roomtemperature LDs were developed and incorporated into the first major commercial applications, long
distance fiber-optic telecommunications. Laser Diodes continue to enhance and transform the telecommunications industry; most long-distance telephone calls are now carried by diode-laser-generated light
signals delivered over optical fibers and you will soon have telephone, television, and computer services
delivered to your home by diode laser light over optical fibers. Beginning in the late 1970s, LDs found
widespread use in consumer products such as laser video disk and audio compact disk players. LDs are
also used in some laser printers (not all laser printers have lasers inside), magneto-optical computer
disks, CD and DVD players and recorders, and bar-code scanners. The true “laser revolution” does not
involve large killer-lasers (à la Buck Rogers, Luke Skywalker, and Ronald Reagan), but it involves the
ever-shrinking LDs, which can now be made by the thousands on a single semiconductor wafer.
A semiconductor laser incorporates the three essential components of a working laser described in
Experiement 3: amplification by stimulated emission, feedback by mirrors, and delay through the
propagation time of light.
Amplification: Energy Levels in a Semiconductor
Recall that the “energy levels” of at- E1
conduction band
E
oms describe the quantum-mechanical rec
quirement that microscopic particles have
ΔE
discreet energy values, as shown in Fig. 8–
Eg
1a. As two (or more) atoms come very
close together (within approximately one E0
Ev
1
2
atomic radius), their electrons can rearatom
valence band
range themselves to form new energy levels characteristic of a molecule (a few
position
atoms) or solid (many, many atoms). FigFigure 8–1a: Two Atoms
Figure 8–1b: Semiconductor
ure 8–1b shows the important characteristic energy levels of a semiconductor, the valence band and the conduction band, which are shared by all
the atoms in a semiconductor. In the semiconductor ground state, all of the available valence electrons
share the valence band and none occupy the conduction band. The valence and conduction bands are
separated by an “energy gap” Eg, analogous to the energy level separation DE of individual atoms (Fig.
Experiment 8

© 2014 Stephen Ducharme, University of Nebraska

Page 8–1

Physics of Lasers and Modern Optics

Laboratory Manual

8-1a). Initially, most or all of the electrons may occupy the lower energy valence band. If a photon of
energy hn = Eg (or slightly larger, for reasons we will not go into here) enters the semiconductor, it will
excite an electron from the valence band into the conduction band, leaving behind a ‘hole’ in the valence
band, as shown in Fig. 8–2a, equivalent to (stimulated) absorption in a single atom (see Fig. 3-2a). Recall that the PhotoDiode detector (PD, Exp. 2) operates by stimulated absorption in semiconductors. A
semiconductor with an electron already in the conduction band can emit a photon by spontaneous emission (Fig. 8–2b) to operate as a Light Emitting Diode (LED) or by stimulated emission (Fig. 8-2c). The
semiconductor is capable of providing light amplification if sufficient free electrons and holes can be
generated in the semiconductor to produce population inversion; the result is a Laser Diode (LD).

conduction band
h!

conduction band
h!

conduction band
h!

2h!

valence band

valence band

valence band

Figure 8–2a:
(Stimulated) Absorption

Figure 8–2b:
Spontaneous Emission

Figure 8–2c:
Stimulated Emission

Recap: A photodiode (PD) works by (stimulated) absorption, a light emitting diode (LED) works by
spontaneous emission, and a laser diode (LD) works by stimulated emission.
Population Inversion
Population inversion in an LD
is achieved electronically by injecting current, electrons and holes,
into the active region from n- and
p-doped semiconductor cladding
layers as shown in Fig. 8–3. The
cladding layers serve two functions. First, the cladding layers
must have a larger energy gap Eg2
> Eg1 than the active region so that
they can inject charge carriers.
Second, the cladding layers must
have a lower refractive index than
Figure 8–3: Double-Heterojunction Laser Diode. (Yariv, p 247)
the active layer so that the laser
output is confined to the active layer by total internal reflection, just as light is confined in an optical fiber. A common LD is the GaAs (“ga-as”) LD made of layers of different alloys, GaAs/AlxGa1-xAs (“algas”), as shown in Fig. 8-4. The active layer has an energy gap Eg1 = 1.424 eV so that the nominal emission wavelength is l = hc/Eg1 = 871 nm (the actual operation wavelengths range from 750-880 nm due
to the effects of dopants, the size of the active region, and the compositions of the active and cladding
layers). The GaAs refractive index at these wavelengths is n = 3.5 while the refractive index of the
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AlxGa1-xAs cladding layers is slightly smaller. Other semiconductors used in LDs include InP, GaN, and
PbS.
LD Construction: Transverse and Longitudinal Modes
Fig. 8–4 shows the construction of
a typical LD with cladding layers,
electrodes, and GaAs active ‘stripe’.
The laser cavity mirrors are the end
facets of the semiconductor crystal,
which has been cleaved (“broken neatly”). The end facets have reflectivity R
= [(n-1)/(n+1)]2 = 32%, because of the
high refractive index of GaAs. The
dimensions of the stripe determine the
pattern of the output emission (the
“transverse mode” pattern) and also
the possible laser emission frequencies
(the “longitudinal mode” pattern). The
Figure 8–4: Buried-Stripe LD. (Yariv, p 252)
output pattern is dominated by diffraction because the width W ≈ 10 µm and
height H ≈ 2 µm of typical LDs are comparable to the emission wavelength. The divergence angle of the
emission along these two directions is inversely proportional to the dimensions as shown in Fig. 8–5.
The angular width q of the emission pattern from a slit or rectangular opening of width d is
.

(8-1)

θh

For example, a laser wavelength of 850 nm
and strip width W = 10 µm has a divergence angle
W
qw = 10°. Similarly if the strip height H = 2 µm,
θw
the divergence angle qw ≈ 50°. Note that the
H
smaller dimension produces the larger divergence
angle, as shown in Fig. 8-5. The dimensions W
L
and H of the active region of a LD can be determined by measuring the output emission cone anFigure 8–5: LD Emission Pattern.
gles and using Eq. 8-1.
The longitudinal modes, or optical resonances of the Fabry-Perot optical resonator formed by the
cleaved facet end mirrors, are determined by the length L of the stripe and the refractive index n of refraction of the semiconductor. The resonant frequencies from Eq. 8-2 are multiples of the free spectral
range ffsr = c/2nL. Fig. 8–6 show the output spectrum of a typical LD. The center wavelength l = 817.5
nm and the peak separation Dl = 0.45 nm, are used to calculate the free spectral range ffsr = cDl/l2 =
200 GHz so that the length of this LD used in Fig. 8-6 LD is L = c/2nffsr = 215 µm. (Compare to a typical HeNe laser with L = 30 cm and ffsr = 500 MHz.)
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Figure 8–6.

AlGaAs “al-gas” LD Spectrum.

(Yariv, p. 260)

Output Power
Each electron injected into the active layer can produce a photon by spontaneous or stimulated emission. The optical power inside the laser should be equal to the rate of electron injection (J/e) times the
overall internal efficiency h = QReff (the emission quantum efficiency Q times the round-trip feedback
reflectivity Reff of the laser cavity) times the photon energy hc/l. Then the internal laser power should
be Pi = (J/e)(hhc/l). But stimulated emission is competing with stimulated absorption and other losses
in the laser cavity. Therefore amplification occurs only when the current is above a threshold injection
current Jth, which must make up for internal losses such as absorption and incomplete internal reflectance Reff. In the laser cavity, the power is
.

(8–2)

The emitted power, taking the output mirror transmission (To ≈ 69% for the GaAs laser) into account, is

Po = PiTo.
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Figure 8–7 shows emission both above and below the threshold current Jth ≈ 14 mA. Below Jth, the LD is generating only spontaneous
emission (like the glow of the He-Ne tube when it isn’t lasing) and
is, effectively, only an LED! The LED emission has a lower external
efficiency than the LD emission because spontaneous emission is in
all directions and only a small fraction escapes at the ends of the laser. This results in a much smaller slope below Jth as on Fig. 8-7.
Note: Each LD has a different threshold current and the best LDs
usually have the lowest thresholds.
ADDITIONAL READING
Fundamentals of Photonics, by B. A. Saleh and M. C. Teich (Wiley,
New York 1991), 542-640.
Laser Electronics, by Joseph T. Verdeyen, (Prentice-Hall, New
York, 1981), pp. 287-303.
Quantum Electronics, third ed., by A. Yariv (Wiley, New York,
1989), pp. 232-263.

Figure 8–7: LD Power (Yariv, p. 254)
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PROCEDURE
NOTE: The laser diode and LED are very sensitive to static electricity or to excess drive currents. Be
careful not to exceed the stated operating conditions.
Operate the Laser Diode Current Source as follows:
i) Connect the LED directly to pin 8 (negative) and pin 4 (positive) on the back of the current source or connect the LD to the special adapter cable, which plugs into the back of
the current source.
ii) Turn on the AC power and enable the key switch if so equipped.
iii) Push the “MODE” button until the “CURRENT” mode indicator is lit.
iv) Push the “DISPLAY” button until the “LIMIT” display indicator is lit.
v) Adjust the current limit to the desired value with a small screwdriver.
vi) Push the “DISPLAY” button until the “CURRENT” display indicator is lit.
vii) Turn the control knob fully counter-clockwise.
viii) Push the “OUTPUT” button and wait for the “OUTPUT ON” indicator to light.
ix) Turn the control knob clockwise to the desired current.
x) The current may be turned off by pushing the “OUTPUT” button again and waiting until the “OUTPUT ON” indicator turns off.
ACTIVITY 1: MEASURE LED OUTPUT
Equipment: LED, current source, volt meter, optical power meter.
Connect the LED to the current source. Adjust the current limit to 40.2 mA and the initial current to
0.0 mA (knob fully counter-clockwise). Place the power meter as close as possible to the LED and cover
with a black cloth. Reset the zero of the power meter. Turn on the current source and measure the current, voltage, and output power of the LED in 2 mA steps from 0 to 40 mA. Plot the voltage vs. current
and the power output vs. current before continuing. Record the emission wavelength center and range
with the handheld spectrometer.
Questions:
1) What is the resistance of the LED at 10 mA current? At 20 mA current?
2) Why connect the LED with forward voltage bias but the PD with reverse bias?
3) Write down an expression for the power output of the LED in terms of the current, optical
frequency, and emission efficiency hex. (Hint: LEDs have no threshold.)
4) Calculate h from your results. What factors make h less than unity?
ACTIVITY 2: MEASURE LD OUTPUT: THRESHOLD AND SLOPE EFFICIENCY
Equipment: Laser diode, current source, optical power meter.
NOTE: Do not let the output power exceed 5 mW; excess power will damage the laser.
Record the LD specifications from the label. Connect the temperature controller and operate at 20°C.
Connect the LD to the current source and voltmeter. Adjust the current limit to 45.2 mA and the initial
current to 0.0 mA (knob fully counter-clockwise). Place the power meter as close as possible to the LD
and cover with a black cloth. Reset the zero of the power meter. Turn on the current source and measure
the current, voltage, photodiode monitor current, and output power of the LD from 0 mA in 2 mA steps
up to 25 mA current and then in 1 mA steps up to 5 mW output power. Plot the voltage and power output vs. current before continuing.
Questions:
Experiment 8
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1) Determine the threshold current from your graph of power vs. current.
2) Determine the slope efficiency (DP/DJ) and the quantum efficiency from your graph.
3) Calculate hex from your results.
ACTIVITY 3: RECORD THE LASER DIODE SPECTRUM
Equipment: Laser diode, collimating lens, current source, spectrometer.
Operate the laser diode at 4 mW output power and direct the laser output into the spectrometer entrance slits. Set up the spectrometer with 20 µm slits and 0.2 Å/s scan rate, the PMT at –765 V, the
picoammeter at 20 µA full scale, and the chart recorder at 1 V full scale and 2 cm/min paper advance
rate, Change these settings as necessary. Record the emission spectrum over a range ±10 nm from the
nominal emission wavelength. Set the LD current 5-10 mA below threshold and the spectrometer slits to
200 µm and repeat the scan.
Questions:
1) Why are the two spectra different?
2) Calculate the free spectral range of the laser from your first spectrum.
3) Calculate the laser stripe length assuming an index of refraction of 3.5.
4) Calculate Planck’s Constant h from Einstein’s relation eV = hc/l using your results in Activities 2 and 3; l is the peak emission wavelength and V is the threshold voltage.
ACTIVITY 4: MEASURE THE LASER OUTPUT PATTERN
Equipment: Laser diode (without collimating lens), strong converging lens, current source, lens, PD
detector, optical chopper, oscilloscope.
Operate the laser diode at 4 mW output power. Place the chopper so that the outer set of teeth intercept the laser beam and place the converging lens after the chopper so that it collects all the light from
the laser. Focus the laser beam on the photodiode. Connect output of the photodiode to one input of the
oscilloscope and the sync output of the chopper controller to the oscilloscope trigger. Note that the detector signal is not perfectly square because it takes a finite time for the blade to cover the laser beam.
Using the oscilloscope cursor controls, measure the time it takes the photodiode signal to rise from 20%
to 80%. The distance traveled by the chopper blade during this time is equal to the blade velocity times
the 20% to 80% time measured with the oscilloscope. Calculate the Gaussian beam diameter (W or H),
which is this distance between divided by 0.835. Do this twice, once with the blade crossing the beam
horizontally and once crossing vertically. Repeat the horizontal and vertical beam width measurements
with the LD operating 5 mA below threshold. Determine the polarization of the LD output relative to the
output stripe orientation.
Questions:
1) Determine the horizontal (qh) and vertical (qw) angular widths from your 80%/20% values of
W and H.
2) Determine the laser facet dimensions W and H using the relations sin (qh/2) = l/H and sin
(qw/2) ≈ l/W using the higher-current results.
3) Explain the different results with the different laser operating currents.
ACTIVITY 5: MEASURING PLANCK’S CONSTANT WITH LEDS (OPTIONAL)
In 1900, German physicist Max Planck (1858-1947) was trying to model the spectrum of electromagnetic radiation emitted by a warm (or hot) body. This “Black Body Radiation” is what you see coming from the sun, the filament of an incandescent light, or a hot electric stove element. In order to make
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the observations agree with the theory, Planck had to assume that the electromagnetic radiation was
grouped in equal discrete clumps of energy that we now call photons. The clumps at each frequency
have a discrete energy E = hf, where E is the energy of the clump, f is the frequency, and h = 6.626 ´ 10–
34 J-s.
You will measure the spectrum emitted by LEDs of several different colors and also threshold voltage for them to turn on and emit light and use this data to calculate Planck's constant.
NOTE: LEDs usually have one short and one long lead; the long lead is the positive lead and should be
connected to the positive terminal of the power supply or current source. The LEDs can be burned out
by application too much current.
ACTIVITY 5A: MEASURE THE LED THRESHOLD VOLTAGE
Equipment: Several LEDs, power supply, X-Y recorder.
Connect one LED to the power supply, resistor, and X-Y recorder as shown in Fig. A. Place a
clean piece of paper on the recorder and set the
origin near the lower left corner of the paper. Adjust the X-axis scale to 0.2 V/in, or about 3 V full
scale (The Y-axis scale is fixed at 0.05 V/in, or
about 40 mA full scale). Engage the recorder servo
and pen functions. Slowly increase the power supply voltage until the pen reaches the top of the paper, tracing out the current-voltage (I-V) curve for
the LED. (Be sure to record some identifying characteristic of the LED for future reference.)
Repeat for all LEDs, determining the threshold
voltage for each. One each I-V curve, draw a tangent line along the rising part, extrapolating to Y =
0 (current = 0). Record the value of the X-intercept
(V = 0) for each curve. This is the threshold voltage of the LED.

X-Y
Recorder
X

Y

R (22 Ω)

current

LED

power supply

Figure 8-A: Set-up for recording the I-V curve of an LED
ACTIVITY 5B: MEASURE THE LED EMISSION
SPECTRUM
Equipment: Several LEDs, current source, spectrometer, chart recorder.

current

chart
recorder
current
source
LED
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Figure 8-B: Set-up for Recording the Emission Spectrum of an LED

Connect one LED to the current source and operate at 30 mA. Position the LED up against the entrance slit of the spectrometer. Set the spectrometer to operate with 200 µm slits, 2 Å/s scan rate, and
1100 V PMT voltage. Set the chart recorder to operate at 1 cm/min and 2 V full scale. Slew the spectrometer to find the approximate center wavelength of the LED emission. Now perform a wavelength
scan, with chart recording, from 500 Å below to 500 Å above the emission peak. Mark the chart every
100 Å. Repeat for each LED. (Note, you may need to change the chart recorder settings to for some of
the LEDs to make a nice plot of 30-70% of full scale and 10-20 cm width.)
Calculate the frequency of the peak wavelength for each LED, noting that the measurement was
made in air where the index of refraction is approximately n = 1.0003. The frequency is therefore
, where the speed of light in a vacuum is c = 299,792,458 m/s. Now plot the threshold voltage
V (from Activity A) vs. the frequency
of the peak wavelength (from activity B) and draw a best-fit
straight line through the data. Calculate the slope of this line and Planck’s constant h from the relation
, where e = 1.602 ´ 10–19 C is the elementary charge.
Questions:
1) What was Albert Einstein awarded the Nobel Prize for?
2) Should you ever make up a formula to explain the data if the theoretical basis for that formula makes no sense to you (or anyone else you ask)?
My sincere thanks to the good folks at Kansas State University for developing a similar experiment
and for Dr. Chuck Lang for pointing out calling my attention to it and thus inspiring today’s exercise.
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EXPERIMENT 9: Optical Spectrometers
DESCRIPTION
PURPOSE
Learn the principles and uses of monochromators, spectrometers and spectrophotometers.
INTRODUCTION
Optical spectrometers are devices that separate (“disperse”) the component wavelengths (“colors”)
of light and then select specific wavelengths for individual measurement. Spectrometers can be designed
to work with a wide range of electromagnetic radiation, including visible, ultraviolet, infrared, X-ray,
microwave, and radio waves.
Spectrometers provide a wealth of information concerning the composition, structure, and dynamics
of matter. They are perhaps the most used, and most useful, tool in science. Optical spectrometers are
used in astronomy, atomic physics, biology, chemistry, condensed matter physics, environmental studies, forensics, genetics, high-energy physics, materials science, and in numerous other fields. Read the
sections about diffraction gratings on pages pp. 903-909 from Young and Freedman (Y&F), or a similar
text. There are other devices called spectrometers for use in measuring the energy spectrum of many different kinds of radiation.
The simplest spectrometer is the glass prism, which refracts each wavelength of light at a slightly
different angle, producing a “rainbow” effect. The grating spectrometer also produces a “rainbow” effect
by diffracting incident light at different angles depending on wavelength according to the diffraction
formula. Grating spectrometers are the more common as they offer higher performance and greater versatility. You used a prism spectrometer in Exp. 1 a grating spectrometer in Exp. 3.
There are several terms related to optical spectrometers that need further definition. The following
descriptions are generally used, though there is some variation among researchers, engineers, and manufacturers in the precise definitions.
Spectrum:
A recording of the component wavelengths (“colors”) of the electromagnetic (EM)
spectrum. (Y&F Sect. 32.1, pp. 1045-45)
Spectrometer: A device used to measure the wavelength or frequency of waves, such as EM or
sound waves. (Y&F Sect. 33.4, pp. 1091-93)
Spectroscope: A device consisting of a narrow light source (such as a lamp illuminating a narrow
slit), a dispersing element (such as a prism or grating), and a viewing screen or telescope. The spectroscope displays a range of the spectrum at once. (Y&F Sect. 36.5,
pp. 1201-05)
Spectrograph: A spectroscope equipped with sheet of photographic film (or an electric image recording device) to record a selected portion the spectrum. (Fig. 9-1)
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Figure 9–1: An Optical Spectrograph [Svanberg Fig. 6.22]

Monochromator: A spectroscope equipped with narrow entrance and exit slits to select only a
single wavelength (a ‘monochrome’) component for detailed measurement. A
monochromator is usually equipped with a mechanism to move, the spectrum
across the slit (or vise versa) to produce a continuous scan of the spectrum.
(Fig. 9–2)

Figure 9–2: An Optical Monochromator. (Heath EU-700 Manual)

Spectrophotometer:

A monochromator equipped with a light source and, chamber to hold a
sample for, e.g., absorption spectroscopy, in front of the entrance slit and a
sensor outside the exit slit. Spectrophotometers usually include automated
control of wavelength scanning and spectrum recording. See the handout
“The Spectrophotometer” by Edgar Pearlstein (1975).
The monocromator is the most important component of a spectrophotometer and its construction
determines the performance and convenience of the overall measurement. This experiment will concentrate on grating monochromators like in Fig. 9-2. The most important features of the spectrometer, the
features that most affect performance are the Slits, the narrow openings at the light source and output
locations, and the Grating, the element that disperses the light into component colors. Scanning is usuExperiment 9
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ally accomplished by rotating the grating about an axis perpendicular to the plane of incidence, thus
changing the diffraction angle.
The dispersion of light of wavelength l by a diffraction grating with spacing d is governed by the
grating diffraction equation (Y&F Eq. 3-22):

d sin θ = mλ ,

(9-1)
where q is the angle of diffraction, measured from the incident beam direction, and the grating diffraction order m is an integer with values 0 ±1, ±2, etc. The resolution of a grating monochromator, the
range of wavelengths Dl passed through at one angle q, is limited either by the slit width or by the grat€whichever produces the larger range. The resolution Dl/l is the largest of
ing,

Δλ
λ
=
(diffraction limited),
λ mN

(9-2a)

where N is the number of grating lines illuminated by the beam, or

€

Δλ
λa
=
(slit limited),
λ
L tan θ

(9-2b)

where a is the width of the widest slit and L is the distance from slit to grating. For highest performance,
one needs a large grating (N) and narrow slits (a).
NOTE: The measurements in this experiment will all be made in air. The wavelength of light in air differs€from the wavelength l in vacuum due to the index of refraction n of air:

λ=

λ vac
,
n

(9-3)

where n ≈ 1.0003 at STP conditions through the visible spectral region. For example, the He-Ne laser
emission wavelength is lvac = 632.8 nm (in vacuum) but a slightly shorter wavelength lair = 632.8
nm/1.0003 = 632.6 nm in air. (And the students exclaimed, “Aha, that explains the discrepancy in our
€from Exp. 3.”)
data
ADDITIONAL READING
University Physics, 13th ed., by H. D. Young and R. A. Freedman, (Addison-Wesley, Reading PA,
2012). Physics 211-212 text. (Y&F)
Fundamentals of Optics, 4th edition, by Francis A. Jenkins and Harvey E. White (McGraw-Hill, New
York 1976).
Optics, 4th ed., by Eugene Hecht (Addison-Wesley, Reading MA, 2002).
Atomic and Molecular Spectroscopy, by Sune Svanberg (Springer-Verlag, Berlin 1991).
Diffraction Grating Spectrographs, Sumner P. Davis (Holt-Rinehart-Winston, New York 1970.
Heath Instrumentation for Spectroscopy, Model EU-700 system operation manual.
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PROCEDURE
ACTIVITY 1: GRATING SPECTROSCOPE-INCANDESCENT & FLUORESCENT LIGHTING
Equipment: blue plastic “STAR” spectrometer, incandescent and fluorescent lamps
Adjust the STAR spectrometer scale as described on the label. View the output of incandescent and
fluorescent lamps with the STAR spectrometer and record the emission wavelengths or wavelength
range. Look up the emission wavelengths from the fluorescent lamp in the MIT wavelength tables to
identify several elements present in the tube.
ACTIVITY 2: GRATING SPECTROSCOPE-EMISSION SPECTROSCOPY
SAFETY NOTE: The mercury lamp emits harmful ultraviolet radiation (UVB), which will ‘sunburn’
the retina or skin. The lamp opening(s) must have a glass window or some other UV filter cover to block
the harmful UV light.
Equipment: incandescent, mercury (Hg), and sodium (Na) lamps; spectroscope table; grating
NOTE: Additional details are given in the handout “Notes on Adjustment of a Spectrometer,” by R. D.
Kirby, 1984, reproduced in the master “Husker Red” lab. manual.
Illuminate the spectroscope input slits with an incandescent lamp. Line up the viewing telescope
with the slit tube and focus the image of the slits. Record the angle reading of the viewing telescope.
Center the grating on the spectroscope table and rotate the grating so that it is facing normal to the slits.
Swing the viewing telescope both right and left and observe the optical spectrum. Make the slits as narrow as possible while still being able to view the complete spectrum. You may need to turn off the room
lights. Measure the angles of the red, yellow, green and violet colors as viewed through the telescope.
Illuminate the slits with the mercury lamp and record the angles for at least four emission lines. Record the angle for the strong yellow emission of the sodium lamp. Obtain the standard wavelengths of
strong emission lines of Hg and Na from the MIT Wavelength Tables or other source. Plot your angle
measurements for all the Hg and Na emission lines vs. the standard wavelengths. From the slope of the
line, determine the grating spacing according to the grating diffraction equation 9-1.
Questions:
1) Why is there more than one complete spectrum formed by the grating?
2) Must the grating face exactly normal to the slit? Why or Why not?
ACTIVITY 3: GRATING MONOCHROMATOR-RESOLUTION AND SLITS
Equipment: mercury lamp, sodium lamp, EU 700 Heath grating spectrometer, chart recorder
NOTE: It is assumed that you have a basic understanding of the operation of the Heath spectrometer
from Exp. 3. Ask the instructor or TA for help if you do not know how to operate it properly. Additional
details are given in the handout “The Spectrophotometer,” by Edgar Pearlstein (1975), reproduced in the
master “Husker Red” lab. manual.
Remove the spectrometer cover and examine the interior. It is very important to keep dust, fingerprints, and other contamination off of the mirror and grating surfaces. Compare what you see to Fig. 9-2.
Operate the spectrometer scan and slew controls and observe the motion of the grating and other components. Sketch and analyze the motion of the ‘sine’ drive.
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Focus the light from the mercury lamp on the entrance slit to the Heath Spectrometer using two
lenses so that the cone of focus has an opening angle of at least 15°. Place the PMT module, with its input shutter closed and the power off, immediately after the exit slit. Slew the spectrometer to the expected mercury emission wavelength. Set the slit width to 20 µm, accounting for any offset in the slitwidth indicator dial. Connect the PMT output to a picoammeter and its output to the chart recorder.
Close the PMT housing shutter and set the PMT voltage to approximately 1,000 V. Slowly open the
PMT shutter, making sure the PMT output current does not exceed 0.1 mA. Adjust the mercury lamp
beam alignment and the spectrometer wavelength to maximize the PMT signal. Adjust the PMT voltage
and Chart Recorder span to use 80-90% of the full scale. Set the chart recorder in “auto repeat” mode.
Set the spectrometer wavelength 6300 Å. Scan the wavelength at 0.2 Å/s from 6320 Å to 6335 Å, recording the spectrum on the chart recorder and marking the wavelength in 1 Å intervals. Repeat until
you obtain a good, clean spectrum and can operate the spectrometer and chart recorder such that the scan
can be repeated precisely on the same section of chart paper.
Record the mercury spectrum on a fresh section of chart paper for slit widths of 200 µm, 150 µm,
100 µm, 50 µm, 25 µm, and 10 µm. You may need to change the picoammeter and/or recorder scales at
smaller slit widths so your spectrum will be a reasonable size. Measure the full-width at half-maximum
(FWHW) of each of these spectra and plot the FWHM vs. slit opening. From this graph, determine the
minimum possible FWHM. Compare your graph with Fig. 7-5 (p. 7-5) of the Heath instrument manual.
Replace the mercury lamp with the sodium lamp and record a high-resolution spectrum of the two
“D” lines located at approximately 590 nm.
Questions:
1) Why must the mercury lamp beam be focused with such a wide cone?
2) What are likely causes of differences between your graph of FWHM vs. slit width and the
one in the manual?
3) Why couldn’t you see the two individual lines of the Na lamp using the handheld spectrometer but you can resolve them with the Heath spectrometer? (See Eqs. 9-2.)
ACTIVITY 4: MONOCHROMATOR-FLUORESCENCE SPECTROSCOPY
Equipment: mercury lamp, 4358 Å line filter, grating spectrometer, laser dye, chart recorder
Place a 4358Å line filter immediately in front of the Hg lamp. Focus the Hg Lamp output into the vial containing the laser dye. Focus the fluorescence emission of the laser dye on the spectrometer entrance slit. Set the slit width somewhere in the range 200-400 µm and the wavelength at 6200 Å. Adjust
the PMT voltage and chart span to fill 80-90% of the chart span. Record the fluorescence spectrum of
the light source at 2Å/s over the range 5000-7000 Å, marking at 200 Å intervals.
Question: 1) At what wavelength is the dye emission largest?
ACTIVITY 5: SPECTROPHOTOMETER-ABSORPTION SPECTROSCOPY
Equipment: spectrophotometer, laser dye in spectrometer cuvette
Arrange the spectrophotometer with source module (tungsten lamp), monochromator module, sample chamber, and PMT module. Place the cuvette containing a laser dye solution into slot 2 in the Sample Chamber. Set the Sample Chamber so that slot 1 (empty) is in the beam path. Set the slit width at
100 µm and the wavelength at 5000 Å. Adjust the PMT voltage, picoammeter scale, and Chart span to
fill 80-90% of the chart span. Set the chart “auto repeat” mode on. Record the spectrum of the light
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source at 2Å/s over the range 3000-7000 Å, marking the wavelength at 200 Å intervals. Move the Sample Chamber to slot 2 (containing the laser dye sample) and record the spectrum.
From your chart, calculate the relative transmission T = (signal with sample)/(signal without sample)
from your two spectra at 200 Å intervals. Plot the transmission T vs. the wavelength l.
Questions:
1) At what wavelength does the dye solution absorb the most?
2) At what wavelength does the dye solution absorb the least?
3) Comment on the differences between the spectra obtained in activities 4 & 5?
ACTIVITY 6: PRISM SPECTROMETER-DISPERSION (OPTIONAL)
Read Tipler, p. 991 (dispersion) and Jenkins and White, pp. 30-32 and 474-478. See also “Notes on
Adjustment of a Spectrometer,” by R. D. Kirby, 1984.
SAFETY NOTE: The mercury lamp emits harmful UV radiation, which will ‘sunburn’ retina or skin.
The lamp opening(s) must have a UV filter cover to block the harmful UV light.
Equipment: mercury lamp, spectroscope table, prisms
Illuminate the spectroscope slits with a mercury lamp. Line up the viewing telescope with the slit
tube and focus the image of the slits. Record the angle reading of the viewing telescope. Center a prism
on the spectroscope table and rotate the prism so that one face is facing normal to the slits. Swing the
viewing telescope around until you can observe the optical spectrum. Make the slits as narrow as possible while still being able to view the complete spectrum. You may need to turn off the room lights.
Illuminate the slits with the mercury lamp and record the angles for at least 4 emission lines. Obtain
the standard wavelengths of strong emission lines of Hg from the MIT Wavelength Tables or other
source. From each angle measurement, calculate the index of refraction using Eq. 2k (p. 31) of Jenkins
& White. Plot your angle measurements for all the Hg emission lines vs. the standard wavelengths.
Compare your graph with Fig. 23B (p. 477) of Jenkins & White.
Examine the Gaertner Prism spectrometer and sketch the optical path.
Questions:
1) Calculate dispersion hD = Dq/Dl of the prism.
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EXPERIMENT 10: Holography and Phase Conjugation
DESCRIPTION
This experiment needs to be redesigned for the litiholo kit. The barium titanate crystal has been lost, so,
activities 3-5 might have to be redesigned. (Replacement crystals are expensive – $1000s.)
PURPOSE
Demonstrate the principles of holography and holograms.
INTRODUCTION
Read all of the following assignments. You may use another similar text in place of Tipler.
Diffraction Gratings (Y & F section 36.5): Two A plane wave incident on a set of slits with spacing d
will be deflected by an angle qm given by:

d sin (θ m ) = mλ , (m = ±1, ±2, …).

(10-1)

Diffraction Gratings (Y & F section 36.8 & Litiholo Hologram Kit Documentation): Two plane wave
intersecting at an angle 2q1 in unexposed film or another photosensitive medium will record a set of
lines with spacing

d=

λ
.
2 sin( θ1 )

(10-2)

Phase Conjugation as real-time holography (Scientific American article by Shkunov and Zel’dovich).
Phase conjugation effectively ‘time-reverses’ an optical wave and can be implemented by using holography.
ADDITIONAL READING
University Physics, 13th ed., by H. D. Young and R. A. Freedman, (Addison-Wesley, Reading PA,
2012). Physics 211-212 text. (Y&F)
“Optical Phase Conjugation,” by Vladimir V. Shkunov and Boris Ya. Zel’dovich, Scientific American,
June 1985, pp. 54-59.
“The Photorefractive Effect,” by Jack Feinberg, David M. Pepper, and Nicolai V. Kukhtarev, Scientific
American, October 1990, pp. 62-74 .
LitiHolo Hologram Kit Documentation. http://www.litiholo.com/hologram_kits.htm
Optical Phase Conjugation, R. A. Fisher, ed. (Academic, New York, 1983).
Optics, 4th ed., by Eugene Hecht (Addison-Wesley, Reading MA, 2002).
The Hologram Book, by J. E. Kasper and S. A. Feller (Prentice-Hall, Englewood Cliffs 1985).
Physics for Scientists and Engineers, 3rd ed., Paul A. Tipler (Worth, New York 1991).
Quantum Electronics, third ed., A. Yariv (Wiley, New York, 1989).
Introduction to Photorefractive Nonlinear Optics, Pochi Yeh (Wiley, New York, 1993).
What is Holography, http://holocenter.org/what-is-holography
Holography Virtual Gallery, http://www.holography.ru/maineng.htm
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PROCEDURE
ACTIVITY 1: OBSERVE THE PATTERN FROM A DIFFRACTION GRATING
Equipment: He-Ne Laser, diffraction grating
Mount the diffraction grating in front of, and perpendicular to, the He-Ne laser. Measure the angles
between the transmitted beam and at least six diffracted beams. Record what happens when you rotate
the grating about a vertical axis.
Questions:
1) Determine the line spacing of the grating.
2) Why are there multiple diffracted beams?
3) Explain what happens if you rotate the grating about a vertical axis.
ACTIVITY 2: RECORD AND DISPLAY A CONVENTIONAL HOLOGRAM
Equipment: diode laser (lens removed), glass blank, film, object (s) approx. 2 in cubed, mounts
Examine and adjust the optical set-up to record a good 3D view of your object(2). Practice loading
the film and making exposures using the plain glass plate. Block the laser beam and completely darken
the room. You may use the blue LED for illumination, because the film is not sensitive to short wavelengths. Carefully remove the film plate from the storage box and place it in the film holder with the
film side facing the laser (this should be the side facing up in the box). Reseal the film box. Lift the
beam block and expose. You may leave the room during exposure but leave the lights off. Start with an
exposure time of 15 minutes, and repeat adding 5 minutes (up to 30 minutes max.) to each subsequent
exposure until you get a good, clear hologram.
NOTE: Mechanical or acoustic vibrations will ruin the exposure. Therefore, do not talk, sing (or rap or
yodel), move around, dance, or touch the optical table during exposure.
After exposing the film, replace it in the holder and illuminate it the laser. View the virtual image
and describe it in your notebook. Also see if you can view the real image on a white piece of paper
Questions:
1) Why shouldn’t you talk or touch the optical table during exposure?
2) Suggest some improvements in the experimental method.
3) Why not use two different lasers to record the hologram, one to illuminate the object, and the
other to illuminate the film?
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ACTIVITY 3: RECORD AND DISPLAY A PHOTOREFRACTIVE HOLOGRAM
Equipment: He-Ne Laser, mirrors, beam splitter, photorefractive crystal, viewing screen, photodiode.
Split the laser beam into two beams with approximately equal power. Intersect these beams in the
crystal at an angle of 30 to 60 degrees (as measured outside the crystal). Be sure the beam paths are
equal to within 5 cm. Note: Hologram recording begins when the two beams intersect in the crystal;
erase holograms by illuminating the crystal with only one beam. Measure the power of each beam before passing through the crystal. Let only one beam at a time reach the crystal, measuring its power after
passing through the crystal. Allow both beams to intersect in the crystal and record a hologram for about
a minute. Block only one beam and observe the two spots on the screen. Erase the grating and repeat,
blocking the other beam. Observe and record carefully what happens as each beam is blocked and unblocked. Experiment with different timings.
Questions
1) What are some advantages of this hologram compared to the conventional hologram?
2) What are some disadvantages of this hologram compared to the conventional hologram?
3) Calculate the spacing of the lines in the recorded hologram.
ACTIVITY 4: TWO-BEAM ENERGY COUPLING WITH A PHOTOREFRACTIVE CRYSTAL
Equipment: He-Ne Laser, beam splitter and mirrors, photorefractive crystal, PD detector
This is similar to Activity 3 except now you will observe what happens to the two beams while they
are both on. Measure the power of each beam before passing through the crystal. Let each beam pass
through the crystal alone, measuring its power after passing through the crystal. Now let both beams
pass through the crystal simultaneously and allow 30 s or more for them to form a hologram. Record the
power of each beam after the powers have stabilized (aside from small random fluctuations).
Make these tests to help you understand the nature of two-beam energy coupling. Block and unblock
each beam several times in different orders and with different delays, paying attention to the two beams
viewed on a screen. Gently tap one of the mirrors and then the mount holding the crystal, observing the
effect this has on the two output beams. Answer the following questions as you do these experiments.
Questions
1) Is the total power (beam 1 plus beam two) changed when the hologram is allowed to form?
2) Explain in terms of holography why one beam might gain power and the other lose it?
3) Outline one or more possible applications of two-beam energy coupling.
4) What happens when a mirror or the crystal is caused to vibrate by tapping? Why?
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(OPTIONAL) ACTIVITY 5: PHASE CONJUGATION WITH A PHOTOREFRACTIVE CRYSTAL
Equipment: He-Ne Laser, mirrors, beam splitter, microscope objective, projector slide, “image distorter”, lenses, viewing screen, photorefractive crystal.
Phase Conjugation with a photorefractive crystal is similar to the process of recording and reading
out a hologram with one important difference: the photorefractive hologram is ready for readout instantly, without a development step as with the film hologram. Refer to the top figure on page 58 of the article by Shkunov and Zel’dovich. Phase Conjugation is equivalent to recording a hologram with the first
reference beam and the object beam and simultaneously reading it out with a third beam propagating
opposite to the reference beam, to generate the phase-conjugate beam propagating opposite to the object
beam.
The four-wave mixing set-up resembles the holography set-up except that the ‘object’ is a photographic slide and the readout beam, also called the second reference beam, propagates opposite to the
first reference beam. First record and readout a hologram of the slide, displaying the phase conjugate
beam on a screen. Place a mirror just in front of the photorefractive crystal to reflect the object beam and
look at the image formed on the screen. Place the ‘image distorter’ in the object beam between the slide
and the crystal and observe the result on the screen. Compare the image obtained with the ordinary mirror with the image obtained with the phase-conjugate mirror. (A good distorter is a small empty beaker
placed near the crystal. Try it with the ‘π’ slide.
Questions
1) What are some differences between phase conjugation the process of and hologram recording
followed by readout using photographic films.
2) Could ordinary film holograms be used to remove image distortion? How?
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Experiment 11: Electro- and Magneto- Optics

(requires Exp. 5)

DESCRIPTION
PURPOSE
Learn how electric and magnetic fields can influence the optical properties of materials.
INTRODUCTION
Read the discussion of the Faraday and Pockels Effects from Hecht Ch. 8. Pay attention to the following
topics (notation as in Hecht, more or less):
Faraday or Linear Magneto-Optic (MO) Effect
A magnetic field will cause most materials to rotate the plane of polarization of light passing
through, hence the term “magneto-optic” effect. The rotation angle b is usually proportional to the magnetic flux density B and the sample length d. The constant of proportionality, or Verdet constant V, is a
intrinsic property of the material.
b = VBd

(11-1)

Faraday materials are commonly combined with polarizers to make an ‘optical diode’ used in lasers
and complex optical systems to block feedback to the source laser from reflections in the system. The
Faraday effect is the physical mechanism behind magneto-optical disk drives.
Pockels or Linear Electro-Optic (EO) Effect
An electric field will change the index of refraction of materials, hence the term “electro-optic” effect. Certain materials have no inversion symmetry, meaning that they look different in a mirror image,
much as our hands lack inversion symmetry; e.g., the right hand looks like a left hand when viewed in a
mirror. An electric field applied to such non-centrosymmetric materials will cause a proportional change
in the refractive index
,

(11-2)

where E is the applied electric field, n0 is the refractive index at zero electric field and the proportionality constant r is the linear electro-optic (Pockels) coefficient of the material. The refractive index changes
are usually very small. (Note that Eq. 11-2 is incomplete and fails to take into account that the refractive
index change depends on the direction of the applied electric field and the direction of the optical polarization with respect to the crystal lattice. More complete mathematical treatment are found in Ch. 14 of
Yariv, Ch. 19 of Saleh and Teich, or Ch. 7-8 of Yariv and Yeh.)
If the material is initially birefringent (it has two different refractive indices, nx and ny, for different
linear polarization component–see Exp. 5), as is crystalline quartz, which is used in making wave plates,
then there will be an induced phase change, or retardance d, between the polarization components along
x and y as follows:
,
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,

(11-4)

where L is the thickness of the material along the beam path and l0 is the wavelength in vacuum. An
electric field alters both components of the refractive index and so also alters the retardance:
,

(11-5)

.

(11-6)

where V is the applied voltage, H is the electrode separation, L is the sample thickness along the path of
the optical beam.
We can measure this change in the optical retardation by first adjusting the overall retardation to d0
= –90° using a quarter-wave plate to produce circular polarization (see EXP. 5). When this beam passes
through a polarizer oriented at 45° between the x and y axes, the change in the transmitted intensity due
to a voltage applied to the sample is (after a few ‘minor’ manipulations)
,

(11-7)

where I0 is the average intensity of the light beam passing through the polarizer (when V = 0).
Pockels materials are commonly combined with polarizers to make an optical modulator used to rapidly modulate, or turn on and off, lasers used in fiber-optic communications systems. The Pockels effect
is one of the critical physical mechanisms responsible for a phenomenon called the “photorefractive effect” introduced in Exp. 10.
ADDITIONAL READING
Optics, 4th ed., by Eugene Hecht (Addison-Wesley, Reading MA, 2002), Ch. 8.
Fundamentals of Photonics, by B. A. Saleh and M. C. Teich, (Wiley, New York 1991), Ch. 18.
Quantum Electronics, 3rd ed., by A. Yariv, (Wiley, New York, 1989), Ch. 14.
Optical Waves in Crystals, A. Yariv and P. Yeh (Wiley, New York, 1984), Ch. 7-8.
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PROCEDURE
ACTIVITY 1: MEASURE POLARIZATION ROTATION BY THE FARADAY EFFECT
Equipment: He-Ne laser, polarizers, Faraday glass, water cell, unknown sample, solenoid, current
source
Aim the He-Ne laser through the first polarizer, down the center of the solenoid, and through the
second polarizer. Measure the length d of the sample of Faraday glass and place it in the center of the
solenoid so that the laser beam passes through it. The apparatus should be arranged as in Hecht Fig.
8.55.
Connect the current source to the solenoid and start the flow of cooling water to the solenoid. Set the
current set to 0 A and adjust the first polarizer so that the maximum laser power passes through it. Adjust the second polarizer so that the minimum laser power passes through it and record the angle on the
vernier scale to a precision of 0.1°. Set the current to maximum. Note that the laser beam is no longer
completely blocked by the second polarizer. Rotate the second polarizer to again minimize the transmitted intensity and record its new orientation. Repeat this procedure for a total of eleven values of the solenoid current evenly spaced from zero to maximum current. Reverse the current leads and make ten
more measurements with the current flowing in the opposite direction. Using the calibration factor written on the solenoid, convert the values of solenoid current to magnetic flux density B for each data point.
Plot the measurements of polarizer orientation vs. magnetic flux density B. Use this graph to calculate
the Verdet constant V. Repeat the polarization rotation measurements with the water cell and cylinder of
unknown material in place of the Faraday glass. Note that the polarization rotation caused by the water
cell is very small and sufficiently accurate measurement requires considerable care.
Questions:
1) Calculate the Verdet constants V for Faraday glass, water, and unknown material.
3) What is the % difference between your value and the reference value for the Verdet constant
V of water and or quartz. Suggest some likely reasons for the difference?
4) Did the any of the samples alter the polarization state other than to change its orientation? If
so how much and why? If not, why not?
ACTIVITY 2: USING A LOCK-IN AMPLIFIER
Equipment: function generator (FG), lock-in amplifier (LIA), oscilloscope (O)
A Lock-In Amplifier (LIA) is essentially a high-performance frequency filter. (Electrical engineers
may recognize the lock-in technique as a form of homodyne detection.) Its primary value is in filtering a
small AC signal from a large noisy background. The filtering function of the LIA is accomplished by
multiplying the input signal by a reference square wave at the same frequency. By the Fourier theorem,
the result of this multiplication, averaged over time, is the rams amplitude of the input signal at the same
frequency of the reference square wave. This activity will familiarize you with the LIA.
Connect the ‘sync’ output of the FG to the ‘reference’ input of the LIA and to the trigger input of the
O. Connect the ‘Lo’ output of the FG to the ‘A’ input of the lock-in amplifier and to channel 1 of the O.
Set the FG to 1000 Hz, square wave, maximum dc signal, 0 V dc, and 0.1 V p-p (peak-to-peak) ac output. Now set the LIA sensitivity to 100 mV, the time constant to 0.1 s and maximize the signal in the ‘x’
channel by adjusting the phase setting.
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Record the signal displayed on
SCOPE
the LIA meter and the peak-peak
(p-p) voltage of the same signal
displayed on the O. Record the
both the peak-peak voltage (which
FUNCTION
is twice the amplitude) displayed
GENERATOR
LOCK-IN
on the O and the LIA signal for ten
sync
distinct values of the ac amplitude.
Plot the LIA signal vs. the FG amsignal
output
plitude.
Figure 11–1: Arrangement for testing the Lock-In Amplifier
Operate the FG at 0 V dc and
0.1 V p-p ac, 1000 Hz, and record the LIA signal for sine, square, and triangular waveforms. Experiment
with different frequencies from the FG, noting how the LIA signal and the O trace change.
Questions:
1) What happens to the LIA signal when you slowly change the frequency of the FG. Explain.
2) Calculate the slope of your graph. Calculate the theoretical value of this slope. (Hint: the LIA
measures the rms value, not the p-p or amplitude.)
3) Why does the LIA display different outputs for different waveforms? Calculate the expected
value of the LIA signal for each waveform shape and 0.1 V p-p ac signal.
ACTIVITY 3: VARIABLE RETARDATION BY THE POCKELS EFFECT
Equipment: He-Ne, polarizers, Babine-Soleil compensator (a variable wave plate), KTP crystal (refractive index 1.8), photodiode detector (PD), function generator, lock-in amplifier

detector

compensator
laser

polarizer

crystal

polarizer

Figure 11–2: Optical Arrangement for Electro-Optic Modulation

Set the components as shown in Fig. 11–2, with the laser polarization vertical, the compensator set
to produce circular polarization, and the second polarizer set for 45° from vertical polarization. This is
the optimum arrangement for observing electro-optic modulation.
The intensity of the beam recorded by the PD changes in response to a voltage applied to the KTP
crystal according to Eq. 11-7. However the electro-optic coefficient rc of KTP is very small, approximately 10–12 m/V (verify whether or not these units make sense). A quick calculation shows that the relative signal DI/I 0 is very small, even if we apply 20 volts ac to the crystal. This is where the very high
sensitivity of the LIA will come in handy. The refractive index of KTP is no = 1.5079 at 632.8 nm
(http://www.clevelandcrystals.com/KDP.htm).
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FUNCTION
GENERATOR

SCOPE
DVM

123.4

sync
LOCK-IN

signal

output

detector

beam

crystal

Figure 11–3: Equipment connections for Electro-Optic Modulation

Refer to Fig. 11-3. Connect the FG ‘Hi’ output to the top and bottom electrodes of the crystal and to
channel 1 of the oscilloscope and connect the FG ‘sync’ output to the LIA reference channel and the oscilloscope trigger. Connect a voltmeter, channel 2 of the oscilloscope, and the LIA to the PD. Operate
the FG at 1000 Hz and maximum square-wave output (about 10-20 V p-p as displayed on channel one of
the oscilloscope). Record the DC output of the PD. Set the LIA to display a signal and record it, taking
care to adjust the phase as in Activity 2, but with a 1 s or longer time constant. Repeat, changing the FG
voltage in 1-2 V steps down to 0 V. Reconnect the FG to the left-right electrode pair and measure the
signal with the FG set to 20 V. Measure the dimensions of the crystal. Graph your results of signal vs.
amplitude.
Questions:
1) Calculate the electro-optic coefficient rc of your KTP crystal when the top-bottom electrodes
are connected to the FG; when the left-right electrodes are connected.
3) Could you see the AC signal from the PD on the oscilloscope? Explain.
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EXPERIMENT 12: Interference
DESCRIPTION
PURPOSE
Demonstrate the principles of interference.
INTRODUCTION
Read the material on interference from Y&F (Ch. 35) or an equivalent text. Pay close attention to the
following topics.
Interference is a result of the linear superposition of waves when they meet because the total electric
field at any point in space is the (vector) sum of the individual electric fields, no matter what their frequency, direction, or origin. Since electromagnetic waves oscillate in time, the key quantity is the phase
difference d between them. Interference effects are generally visible only when the combining waves
have the same frequency (or wavelength), so that the phase difference d does not fluctuate in time; the
waves are synchronized. This is best achieved by combining waves split of from a common source using
a partially reflecting mirror or a set of slits. The phase difference between two waves is

ΔL
(12-1)
λ ,
and depends on the path difference DL between the paths followed by the two beams of wavelength l.
When f is a multiple of 2p, or DL is a multiple of l, then the electric fields add together to generate a
larger€electric field by constructive interference. (Recall from Exp. 3 that the condition for an optical
resonator was that the round-trip path be a multiple of the wavelength l, so that circulating waves would
combine constructively with each other after each round trip.) When f is an odd multiple of p, or DL is
an odd half-multiple of l, the electric fields point in opposite directions and the net electric field is
smaller—zero if the waves have the same amplitude—a result of destructive interference. Other phase
difference other give results intermediate between constructive and destructive interference.
These points are illustrated in thin film interference phenomena where the path difference is between
the successive reflections. Take note of the complication that the total phase difference includes a fixed
contribution of p whenever a wave reflects from a material of higher refractive index. This distinction is
responsible for the different conditions for constructive and destructive interference in free films and
films on a substrate of higher index. (See Hecht section 9.4 for a more detailed explanation based on
Maxwell’s equations, if you dare.)
Interferometers are optical devices designed to produce a precise and controlled path difference between two beams. You used a Fabry-Perot interferometer in Exp. 3 to study the properties of a laser
resonator. The Fabry-Perot interferometer is similar to a thin film in that reflected beams are delayed
and recombined with an original transmitted beam. One limitation of the Fabry-Perot interferometer is
that is not easy to obtain small path difference (DL = 2L < l) because dust, imperfections, or lack of
flatness in the mirrors. The Michelson interferometer sends the two beams on physically separate paths
so that the path lengths can be individually controlled around the null path |DL| = |L2–L1| < l). This allows work with light sources whose frequencies are not perfectly stable (i.e., they have poor coherence–
see Exp. 13).

δ = 2π
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Another way to create interference between waves from the same source is to use an opaque screen
with two or more slits (or other shapes) that allow different parts of the wavefront to pass and interfere.
The path differences involved are then calculated geometrically, as for the two-slit interference pattern
(Y&F section 36-4). Here the path difference between the waves arriving at the screen is readily calculated from the physical path difference

ΔL ≈ d sin (θ ) ,

(12-2)

where d is the slit separation and q is the angle measured from the screen normal. This analysis is strictly correct when the pattern is viewed at a distance much larger then l and the slits are very narrow compared to the wavelength. (NOTE: The actual patterns are more complex than shown in Fig. 33-9 when
the€individual slits are wider than the wavelength l. See Exp. 15 and Hecht, section 10.2.2 for further
details, if you dare!) The positions of the bright and dark fringes on a screen a distance D from the slits
are (using the approximation that sinq ≈ d/D)

ymax = m

λ
D
d ,

λ
ymin = (m + 12 ) D .
d

(12-3a)
(12-3b)

€Interferometry is widely used in many guises. Precision length measurement is possible because the

interference pattern changes with path differences a fraction of optical wavelengths. In my research laboratory, we have a Mach-Zehnder interferometer capable of detecting displacements of approximately
1/1000
€ Å (not much larger than the size of the nucleus). Laser ring and fiber-optic gyroscopes, based on
interference effects, are now widely used in place of mechanical gyroscopes at great savings in cost and
weight.
ADDITIONAL READING
University Physics, 12th ed., by H. D. Young and R. A. Freedman, (Addison-Wesley, Reading PA,
2007). Physics 211-212 text. (Y&F)
Optics, 2nd ed., by Eugene Hecht (Addison-Wesley, Reading MA, 1987), pp. 81, 135-137, 240.
Wave-tank Interference: Landau1.phys.Virginia.EDU/~snp9b/java/Ripple.html
Two-slit diffraction animation: www.Colorado.EDU/physics/2000/applets/twoslitsa.html
Laser and Fiber-Optical gyros: newton.physics.metu.edu.tr/~gel/ebruson.html
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PROCEDURE
ACTIVITY 1: OBSERVATION THIN FILM INTERFERENCE AND NEWTON’S RINGS
Equipment: Na lamp and diffuser, optical flats, test optics
Note: take care not to scratch or dirty the optical flats and other test pieces.
Aim the Na lamp at one optical flat at an angle of approximately 30°. Place the diffusing screen
about halfway from the lamp to the flat. Place the second flat on top of the first flat and view the Na
lamp in reflection. Sketch the fringe pattern formed by the two pieces. Press gently on the test piece in
several places and observe the changes in the fringe pattern. Evaluate the relative “flatness” of these two
flats based on the fringe patterns. Place a thin sheet of paper between the flats at one side only, forming
a wedge of air between the flats. Count the fringes from the point of contact to the edge of the paper and
use this data to calculate the paper thickness.
View and sketch the fringe patterns for all other samples provided, pressing gently on each in several
places and observing the changes in the fringe pattern. Deduce the shapes of the test surfaces from the
fringe pattern. Evaluate the quality of the surfaces in comparison to, e.g., an ideal flat, cylindrical, or
spherical surface. Repeat for all samples provided.
Measure the diameters of the first four Newton’s rings (Y&F Fig. 36-34). Derive a formula for the
Fringe pattern from a spherical surface (convex lens surface) against an optical flat. Calculate the radius
of curvature of the lens surface from this data.
Questions:
1) Why did you use the Na lamp instead of an incandescent or fluorescent lamp?
2) Approximately what is the ultimate precision of testing the quality of optical surfaces using
this method with this apparatus?
3) How would you improve the precision of surface testing?
ACTIVITY 2: MEASURING INTERFERENCE PATTERNS
Equipment: HeNe laser, “XY” recorder with a photodiode (PD) mounted on the carriage, slit slide, mirror, lenses, traveling microscope
Place the recorder approximately 2.5 m from the HeNe with the PD facing the laser. Center the PD
on the recorder and move the recorder so that the PD is centered in the laser beam. Connect the battery
to the PD and the PD output to the “Y” in put of the recorder. Operate the recorder in scanning mode
and record the laser beam pattern.
You will use the series of double slits on one side of the slide. Measure the slit separations with the
traveling microscope. Place the slide in a holder 2 m from the PD with the slits oriented vertically and
centered in the laser beam. Record the interference pattern with the recorder for all the four of the pairs,
beginning with the widest separation, and with the single slit. Mark several minima of the interference
patterns and measure their separations. (See the note after Eq. 12-2.)
Questions:
1) Use your data from the slit interference patterns to calculate the slit separations and compare
to the direct measurements.
2) Would you be able measure the interference pattern from slits 10 mm apart with the present
apparatus? If not, how would you modify the apparatus to make this possible?
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ACTIVITY 3: THE MICHELSON INTERFEROMETER-WAVELENGTH MEASUREMENT
Equipment: Na lamp, Gaertner Michelson interferometer
Place the Michelson interferometer 35 cm from the Na lamp with the lens facing the lamp. Half the
light passes straight to mirror 1, the tiltable mirror, and is half reflected to mirror 2, the movable mirror.
Adjust the position of mirror 2 to the 0 position as indicated on the sliding scale. View the lamp light
from the output port of the interferometer and adjust the position of mirror 2 until clear fringes are visible. Tilt mirror 1 until 4-5 vertical fringes appear across the field of view. Record the position of mirror
2. Move mirror 2 back and count fringes until 50 fringes have passed the center of view. Record the final position and calculate the wavelength l of the light from your data.
Tilt mirror 1 until the fringes form a bull’s eye pattern and adjust the position of mirror 2 to obtain
the highest contrast in the fringes. Record the mirror 2 position at highest contrast—this is the reference
position. Now move mirror 2 until you obtain minimum contrast and record this position and calculate
its distance Ln from the reference position. Repeat to measure the position of minimum contrast at 5 successive locations. Plots the distances Ln vs. n and calculate the slope. The distance between these two
positions is related to the separation Dl of the Na D lines by the relation 2DL = l2/Dl where l is the
wavelength you measured by counting fringes and DL is the distance mirror 2 moves in going from
highest contrast to lowest contrast. Calculate Dl.
Questions:
1) Estimate is the precision of your measurement of the Na wavelength?
2) Estimate is the precision of your measurement of Dl with the Na lamp?
3) Why do the Na fringes fade and disappear as the path difference is increased? (Hint: what are
beats?)
ACTIVITY 4: REFRACTIVE INDEX OF AIR
Equipment: He-Ne laser, Pasco Michelson interferometer, vacuum chamber and pump.
Set up and align the interferometer with the He-Ne laser and expand the fringe pattern on the wall.
Adjust the mirror tilt to obtain 4-5 vertical fringes. Place the vacuum chamber in one arm of the interferometer and readjust the alignment if necessary. Connect the vacuum pump to the chamber and record
the gauge reading and the temperature of the laboratory. Operate the pump to reach the maximum vacuum. Slowly release the vacuum and allow the output pattern to shift 1 fringe. (This may take some practice.) Record the pressure. Repeat until the pressure returns to ambient. Plot the fringe number vs.
vacuum reading.
Questions:
1) The change in the index of refraction n of air is approximately proportional to the air density
N as follows: n = 1 + C*N. Use this relation and your graph of fringe number vs. pressure to
calculate the constant C. Compare your result with a reference value for the index of refraction of air at STP.

Experiment 12

© 2014 Stephen Ducharme, University of Nebraska

Page 12–4

Physics of Lasers and Modern Optics

Laboratory Manual

ACTIVITY 5: FABRY-PEROT ÉTALON: COEFFICIENT OF FINESSE
Equipment: He-Ne laser, (expensive) Burleigh scanning Fabry-Perot, PD, oscilloscope
The Coefficient of Finesse F of a
Fabry-Perot étalon depends on the mirror reflectivities. See Hecht section 9.6.
For a symmetric étalon with equalreflectivity mirrors,
F = 4R2/(1–R2)2.
The value of F can be measured by
determining the width of the transmission peaks as shown in the figure at
right. Record a transmission spectrum
of your Fabry-Perot that looks like the
one in Fig. 12–1. Measure the width g
Fig. 12–1: Fabry-Perot Fringes (Hecht Fig. 9.44)
and the separation Dd of the major
peaks. Then F = 16(Dd)2/g2.
Questions:
1) Calculate the reflectivity R of the mirrors from your data, assuming they are the same.
2) Why don’t you need to know the wavelength of the light or the mirror separation to calculate
F?

Experiment 12

© 2014 Stephen Ducharme, University of Nebraska

Page 12–5

Physics of Lasers and Modern Optics

Laboratory Manual

EXPERIMENT 13: Diffraction and Fourier Optics
DESCRIPTION
PURPOSE
Demonstrate the principles of optical wave interference.
INTRODUCTION
Read the material on diffraction in Y&F Ch. 35 or an equivalent text. Pay close attention to the following topics.
Interference is a result of the linear superposition of waves when they meet because the total electric
field at any point in space is the (vector) sum of the individual electric fields, no matter what their frequency, direction, or origin. Since electromagnetic waves oscillate in time, the key quantity is the phase
difference d between them. Interference effects are generally visible only when the combining waves
have the same frequency (or wavelength), so that the phase difference d does not fluctuate in time; the
waves are synchronized. This is best achieved by combining waves split of from a common source using
a partially reflecting mirror or a set of slits. The phase difference between two waves is

φ = 2π

ΔL
λ ,

(13-1)

and depends on the path difference DL between the paths followed by the two beams of wavelength l.
When f is a multiple of 2p, or DL is a multiple of l, then the electric fields add together to generate a
larger electric field by constructive interference. When f is an odd multiple of p, or DL is an odd halfmultiple
€ of l, the electric fields point in opposite directions and the net electric field is smaller—zero if
the waves have the same amplitude—a result of destructive interference. Other phase difference other
give results intermediate between constructive and destructive interference.
The diffraction patterns formed by opaque objects (slits, apertures, wires, disks, etc.) are a result of
geometrical path differences. This is illustrated by the Young’s two-slit experiment (not the same Young
of Y&F). Two narrow slits (width a << wavelength l) with separation d illuminated by a plane wave
produce a striking pattern of many parallel bright stripes on a distant screen (D >> d2/l), instead of the
two stripes predicted by geometrical (ray) optics. The phase difference, between the partial waves from
the slits when they arrive at the screen, readily calculated from the physical path difference DL = d sin q

d
d y
β = 2π sin (θ ) ≈ 2π
,
λ
λL

(13-2)

where m is an integer, q is the angle measured from the center plane bisecting the slits, and y is the distance along the screen measured perpendicular to the slit orientation. The pattern on a flat screen facing
the€slits at a distance L will have an illumination pattern of the form

I = 4 I0 cos 2 (β 2) .

(13-3)
The positions of the maxima (bright stripes) and minima (dark stripes) are located at positions
Experiment 13
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λ
D (maxima), and
d ,
λ
ym = (m + 12 ) D (minima).
d

ym = m

(13-4a)
(13-4b)

Even a single slit can produce a complex diffraction pattern if the slit width a is comparable to or

€
larger than the wavelength. The single-slit diffraction pattern is
€

# sin (α 2) &2
I = 4 Im %
(.
$ α2 '

(13-5)

where the phase difference from contributions from different parts of the slit is (see Eq. 13-2)

€

a
a y
α = 2π sin (θ ) ≈ 2π
.
λ
λD

(13-6)

The diffraction pattern from two slits, each with width a, separated by distance d is the combination of
the Young’s double slit pattern of Eq. 14-3 and the single-slit pattern of Eq. 14-5, or

€

# sin (α 2) &2
2
I = 4 Im %
( cos (β 2).
$ α2 '

(13-7)

Other forms of edges, slits, apertures, disks, etc., that block part of the wavefront result in similar oscillating patterns.
You might recognize that equations 13-3, 5, and 7 are the Fourier Transforms (FTs) of two delta
€
functions, a square pulse, and a pair of square pulses, respectively. This is no coincidence, because the
mathematical theory of diffraction shows that the diffraction pattern in the far field of an object (i.e., D
>> d2/l) is precisely the two-dimensional Fourier Transform of the object profile.
For good, if somewhat advanced, discussions of Fourier Optics, see Hecht, Ch. 11, or Saleh and
Teich, Ch. 4. Perhaps now you can appreciate how one might program a computer-generated hologram,
which is a diffracting object intended to produce a particular optical wave pattern from a simple plane
wave. Further, you can use this for doing parallel optical computing, literally at the speed of light! (See,
for example, Saleh and Teich, Ch. 21.)
ADDITIONAL READING
University Physics, 12th ed., by H. D. Young and R. A. Freedman, (Addison-Wesley, Reading PA,
2007). Physics 211-212 text. (Y&F)
Light and Matter, Benjamin Crowell (2014). http://www.lightandmatter.com/lm/
Optics, 4th ed., by Eugene Hecht (Addison-Wesley, Reading MA, 2002).
Fundamentals of Photonics, by B. A. Saleh and M. C. Teich (Wiley, New York 1991).
Wave-tank Interference animation: Landau1.phys.Virginia.EDU/~snp9b/java/Ripple.html
Two-slit diffraction animation: www.Colorado.EDU/physics/2000/applets/twoslitsa.html

PROCEDURE
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ACTIVITY 1: DIFFRACTION PATTERNS FROM SLITS AND GRATINGS
Equipment: HeNe laser, XY recorder with a photodiode (PD) mounted on the carriage, glass slide with
various slit patterns
Place the recorder approximately 2-3 m from the HeNe with the PD facing the laser. Center the PD
on the recorder and move the recorder so that the PD is centered in the laser beam. Connect the PD output to the “Y” input of the recorder. Operate the recorder in time scanning mode and record the laser
beam pattern.
Choose two each of the single, double, and multiple slits the on the slide. Measure their widths and
separations using a traveling microscope. Place the slide in a holder close to the laser, with the narrowest
single slit oriented vertically and centered in the laser beam. Record the interference pattern of this narrowest single slit. Repeat with a wider single slit, then two different double slits, then two different multiple-slits (diffraction gratings). Mark several minima of the interference patterns and measure their
separations. Compare the patterns to the illustrations in Y&F Ch. 35.
Questions:
1) Use your data from the slit interference patterns to calculate the slit width (single slit) and slit
width and separation (multiple slits and gratings).
2) Would you be able measure the interference pattern from slits 5 mm apart with the present
apparatus? If not, how would you modify the apparatus to make this possible? Explain.
ACTIVITY 2: DIFFRACTION FROM OPAQUE OBJECTS
Equipment: HeNe laser, XY recorder with a photodiode (PD) mounted on the carriage, 4 opaque objects (circular aperture, wire, razor blade, mystery object)
Replace the slit slide (in the set-up of activity 1) with each of the four opaque objects in turn, recording the diffraction pattern from each. Measure the object dimensions directly with a micrometer or similar measuring instrument. You should move the object closer to the recorder if necessary to record a
clear diffraction pattern.
Questions:
1) Calculate the object dimensions from the information in the diffraction pattern. Compare this
calculation with the dimensions measured by conventional methods.
2) Is the center of the diffraction pattern from a circular object bright or dark? Explain.
ACTIVITY 3: FOURIER OPTICS AND TWO-DIMENSIONAL DIFFRACTION
Equipment: HeNe laser, various 2D diffraction apertures.
Display and sketch the diffraction patterns three of the shapes. Measure the aperture dimensions directly with a traveling microscope.
Questions:
1) Calculate the object dimensions from the information in the diffraction pattern. Compare this
calculation with the actual dimensions.
2) Discuss how the 2D structures can be described in terms of 1D diffracting objects with different orientations.
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ACTIVITY 4: TWO-DIMENSIONAL DIFFRACTION AND CRYSTAL STRUCTURE
Equipment: HeNe laser. Slide with various 2D repeating structures
Display and sketch the diffraction patterns from two of the 2D structures. Measure the repeating
spacings directly with a traveling microscope. Any repeating structure will produce diffracted beams
much like a diffraction grating does. (You can use Fourier’s Theorem to prove this.) Repeating patterns
extending in 2 (or 3) dimensions will produce diffraction in 2 (or 3) dimensions. This is how we determine crystal structure from X-ray diffraction patterns. (There is a complication that recording only the
intensity of the diffraction pattern throws away crucial phase information, so that there is usually not a
unique solution to the inverse problem, thus ensuring steady employment for crystallographers.) There
are many 3D optical diffraction examples, such as, volume holograms (Exp. 10) and Photonic Crystals—micron-scale 3D optical structures.
Questions:
1) Compare your direct measurements of the spacings with the diffraction angles.
2) Discuss the possible symmetries—patterns that can be repeated by rotating the object by
equal angles.
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EXPERIMENT 14: Coherence
DESCRIPTION
PURPOSE
Learn the principles of coherence: How do lasers differ from light bulbs?
INTRODUCTION
The description and measurement of Coherence with electromagnetic waves generally assumes that
the waves are nearly monochromatic, but not completely synchronized in phase at all times. Purely Coherent light has constant phase while completely incoherent light has randomly varying phase. Real light
sources fall somewhere in between. Lasers tend to be highly coherent and incandescent sources tend to
be highly incoherent, though, as we shall see, the degree of coherence one measures depends not only on
the nature of the source, but also on the construction of the apparatus.
Before reading the summary below, read the sections on coherence light in Introduction to Optical
Engineering, by Yu and Yang (Y&Y), pp. 222-239. There are more advanced treatments in Hecht Ch.
12, Saleh and Teich Ch. 10, Born and Wolf Ch. X.
Now that you have finished reading Y&Y (did you?--really?) Consider following summary (notation
and equation numbers as in Y&Y).
Superposition
Consider the superposition at some fixed point in space of two harmonic waves u1 and u2 with the
same basic angular frequency w, but time-varying phase f(t).
u = u1 (t) + u2 (t) = u01 cos(ωt − φ1 ( t )) + u02 cos(ωt − φ 2 ( t )) ,

(14-1)

where the time-varying phase difference d(t) = f2(t) – f1(t) tends to smear out the interference pattern.
The total intensity at the fixed point is then averaged over the period of measurement.
2
€
I = u1 + u2 = I1 + I2 + 2 I1I2 cos(δ ( t )) ,
(14-2)
where I1,2 = <|u1,2|2>. If d(t) is small or constant over the period of measurement, the third term in Eq.
14-2 is constant and there is good interference. If d(t) is varies by a large amount over the period of
measurement,
the third term in Eq. 14-2 averages to a reduced value or even zero and there is poor or no
€
interference.
Degree of Coherence
The Degree of Coherence g12(t) is related to the phase fluctuations of a correlation function between
two waves combined at a relative time delay t.

I = u1 + u2

2

= I1 + I2 + 2Re[γ12 (τ )] I1I2 cos(δ12 ) ,

(14-3)

where d12 is the average (static) phase difference between waves 1 and 2, and

€
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u1 ( t + τ ) u2 ( t )
I1I2

.
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A practical measurement of the Degree of Coherence amounts to creating an interference pattern between two waves, or of a wave with itself, and measuring the visibility defined as

ν = γ 12 (τ ) =

Imax − Imin
,
Imax + Imin

(14-5)

where Imax and Imin are, respectively, the maximum and minumum intensity of interference as the phase
difference between the two waves is varied over one wavelength.
The
€ delay t can be varied using an interferometer. See Example 8.7 for a practical illustration of visibility measurement.
Spatial Coherence
We normally consider an extended source like a discharge lamp as incoherent because the emissions
from the many atoms that make up the source are not synchronized like they are in a laser source. What
causes the overall incoherence is that the waves from the individual atoms all have randomly different
phases. If we try to do an interference experiment between two coherent (but monochromatic) sources
like two Hg lamps, the relative phases on a viewing screen are completely random and the average over
phase complete removes the interference term in Eq. 8.31; the superposition of two mutually incoherent
sources is just the sum of their independent intensities.
But an ‘incoherent’ source will exhibit properties of coherence if we compare different points 1 and
2 on the wave front. This is because the emission from each atom spreads out like a spherical wave with
well defined phase and even though the relative phases of the waves at points 1 and 2 are random the
relative phase differences depend only on geometry and become quite small far from the source. It is
therefore possible to achieve perfect coherence (n = 1) with an ‘incoherent’ source! The interference on
the screen in a Young’s two-slit experiment (See Y&Y Fig. 8.17) with an small extended incoherent
source consists of the overlap of the individual interference patterns from the emitting atoms. The visibility (measured spatially across the screen) in this case is

% πSd (
ν = sinc'
*,
& Lλ )

(14-6)

where the S is the source size, d the slit separation, and L the distance from source to the slits.
Temporal Coherence
€ self-coherence of wave, as from a laser or localized source, can be represented by the Coherence
The
length Dr, the Coherence Time Dt, or the Coherence Bandwidth Dw = 2p/Dt, which are related by the
following equation: (We assume that the bandwidth Dw is small compared to the average angular frequency w.)
Δr = cΔt = 2πc Δω .

(14-7)

In a typical self-coherence experiment, such as using a single source with a Michelson interferometer,
the visibility will be
€
% πl (
(14-8)
ν = sinc' * ,
& Δr )
Where l is the path difference between the two arms of the interferometer.

€
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We can measure self-coherence by interfering a wave with itself using a Michelson Interferometer
(Y&F Fig. 8.18). The wave is split into two beams sent along two different paths and then recombined
to form interference fringes. The path difference l amounts to a time delay t = c/l between the waves.
The dependence of the fringe visibility n on the path difference l allows calculation of the coherence
length Dr. The coherence time Dt follows from Eq. 14-7.
ADDITIONAL READING
M. Born and E. Wolf, Principles of Optics (Pergamon, Oxford, 1980).
Optics, 4th ed., by Eugene Hecht (Addison-Wesley, Reading MA, 2002).
B. A. Saleh and M. C. Teich, Fundamentals of Photonics (Wiley, New York 1991).
F. T. S. Wu and X. Yang, Introduction to Optical Engineering (Cambridge, 1997).
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PROCEDURE
ACTIVITY 1: TEMPORAL COHERENCE OF A LASER
Equipment: Michelson Interferometer, He-Ne laser, Semiconductor Laser
Similar to experiments described in Y&Y sections 8.6.2 and 8.7 to measure the coherence
length/time for several sources. Relevant Equations 14-7&8.
The laser coherence length will be measured with a long-baseline Michelson Interferometer (Y&Y
Fig. 8.18). You will measure the fringe visibility (Eq. 8.27) as a function of path difference l from ~0 to
2 m. First, make a careful sketch of the apparatus, noting the type and location of all elements. Then
align the interferometer with l ≈ 0 and the beams exiting parallel and expanded on the viewing screen
with uniform intensity that can be controlled with the variable retarder. Then aim the combined beam at
the detector through the small iris. Block the reference (shortest) beam and measure the signal beam
power. Block the signal beam and adjust the reference beam power to the same value. Be sure to minimize and account for the background signal from the detector. With the beam powers balanced, vary the
relative phase using the variable retarder and determine the max and min intensities. Repeat for a range
of path differences l (0 m to 2 m for the He-Ne laser and 0 to 20 cm for the semiconductor laser). Plot
the visibility vs. path difference l.
Questions:
1) Why must the individual beam intensities be equal at the detector?
2) Calculate the coherence length defined as the path difference at which the visibility drops to
50%.
3) Calculate the coherence time and bandwidth.
ACTIVITY 2: TEMPORAL COHERENCE OF EMISSION SOURCES
Equipment: Michelson interferometer, Hg lamp with filter, Na lamp, LED, incandescent lamp
Place the Gaertner Michelson interferometer 35 cm from the Hg lamp and green filter with the lens
facing you. Half the light passes straight to mirror 2, the movable mirror, and half is reflected to mirror
1, the tiltable mirror. Adjust the position of mirror 2 to the 0 position as indicated on the sliding scale.
View the lamp light from the output port of the interferometer and adjust the position of mirror 2 until
clear fringes are visible. Tilt mirror 1 until 4-5 vertical fringes appear across the field of view. Adjust the
path length until the fringes have maximum contrast and record the position of mirror 2—this is the reference position. Now move mirror 2 until the fringes are no longer visible, so that the intensity is uniform independent of mirror 1 tilt or mirror 2 position. Define the coherence length as the path difference
l where the visibility first drops to zero.
Now do the same thing with the Na lamp, but without a filter. Record again the reference position of
mirror 2 (at highest contrast). Now move mirror 2 until you obtain minimum contrast and record this
position and calculate its distance l1 from the reference position. Repeat to measure the position of minimum contrast at 5 successive locations. Plots the distances ln vs. n and calculate the slope. The distance
between these two positions is related to the separation Dl of the Na D lines by the relation 2DL = l2/Dl
where l is the wavelength you measured by counting fringes and DL is the distance mirror 2 moves in
going from highest contrast to lowest contrast. Calculate Dl.

Experiment 14

© 2014 Stephen Ducharme, University of Nebraska

Page 14–4

Physics of Lasers and Modern Optics

Laboratory Manual

Now replace the Hg lamp and return the Michelson to its reference position. Then place the incandescent (‘white light’) source at the interferometer input and locate its fringes. Note, this an extremely
delicate task because the coherence length is so short. You can make it easier by using the green filter to
narrow the bandwidth. Measure the coherence length of the incandescent source with the green filter and
without any filter.
If time permits, measure the coherence length of one of an LED source.
Questions:
1) Calculate the coherence time and bandwidth for all sources.
2) Explain in 2-3 clear sentences how an ‘incoherent’ source like an incandescent lamp can exhibit interference fringes, especially as it emits such a large range (bandwidth) of frequencies.
ACTIVITY 3: SPATIAL COHERENCE
Equipment: TBD
To Be Determined…
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EXPERIMENT 15: Doppler-Free Spectroscopy

(requires Exp. 8)

DESCRIPTION
PURPOSE
Demonstrate a technique of high resolution Doppler-free atomic spectroscopy.
INTRODUCTION
The results you will obtain were previously only possible with a $100,000+ laser spectroscopy system. We were a little short of this amount, however, and UNL graduate student Ken Trantham built the
tunable diode laser for “only” a few hundred dollars from plans published by MacAdam et al. (1992).
This group at the University of Colorado and the Joint Institute for Laboratory Astrophysics (JILA),
both in Boulder, conducts research in the forefront of atomic physics. In 1995 they first demonstrated
Bose-Einstein Condensation (BEC) of a gas of rubidium atoms, a dramatic quantum mechanical effect
that was predicted over 70 years ago but made possible recently with the technique of tunable diode laser and Doppler-free spectroscopy (and some other clever tricks). The seminal paper is “Observation of
Bose-Einstein condensation in a dilute atomic vapor,” by M. H. Anderson, et al., Science 269, 198-201
(1995). This work may did earn University of Colorado Professors Carl Wireman and Eric Cornell the
2001 Nobel Prize in physics, along with MIT professor Wolfgang Kestrel. (Visit the JILA web site at
http://jilawww.colorado.edu/bec).
TUNABLE DIODE LASERS
Review the manual for Experiment 8, which describes the basic principles of semiconductor diode
lasers. Read the report on tunable diode lasers by Aram Mooradian. Also review or look up material on
spin-orbit coupling, total atomic angular momentum, selection rules, and the hyperfine interaction in
your modern physics (Physics 213) or similar text.
ATOMIC SPECTROSCOPY
The spectroscopy of Rb (rubidium) is quite complex and we will concentrate on a few special features related to ‘hyperfine splitting,’ which is a shift of energy states due to interactions among nuclear
spin, electron spin, and orbital angular momentum. Since the total angular momentum of is system is
quantized, we keep track of the total spin F, which is the total angular momentum divided by ! . Each
isotope of Rb has a different number of neutrons and hence a different spin. The results of this experiment will be from 87Rb, an isotope with 37 protons and 40 neutrons, mass M = 86.9 amu, and a nuclear
spin of 3/2 (i.e., 3/2 ! orbital angular momentum). Rubidium is an alkali atom, like sodium and potassium, meaning that the outer (“valance”) electron has orbits similar to the electron in€the hydrogen atom
and so can contribute electron spin ±1/2 plus integer orbital spin 0, ±1, ±2, etc. The 780 nm emission
lines of 87Rb are due to allowed (DF = 0, ±1) transitions between the orbital sub-levels (fine structure) !
= 0 & 1€of the n = 5 principle quantum number. Each of the ! orbital levels has several ‘hyperfine’
sublevels due to different combinations of nuclear and electron spin. The important energy levels for n =
5 and ! = 0 & 1 are shown in Fig. 15-1. The left-hand side labels the orbital fine structure for the orbital
angular momentum quantum number !. The transition energies are usually given in terms of the corresponding optical frequency n = DE/ ! , or wavelength l = c/n. The fine structure splitting is 384 Thz
(1.59 eV, 780 nm) would be the transition frequency if hyperfine interactions were not taken into acExperiment 15
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count. The hyperfine interaction between electron, orbit and nuclear spins, lead to further splitting of the
! = 0 and ! = 1 orbital levels, resulting in six levels, as shown on the right of Fig. 15-1. The total spin |!
± i ± s| cam take on values from 0 to 3. The allowed transitions among these states, which must satisfy
the selection rule DF = 0, ±1, are indicated by the red arrows (transitions a, c, d, g, i). The two-beam saturable absorption spectra will also contain ghost transitions b, e, f, h (green arrows) at frequencies nb =
(na+nc)/2, ne = (nd+ng)/2, nf = (nd+ni)/2, and nh = (ng+ni)/2 due to Doppler-shifted atoms that are in resonance at the higher energy in the beam they approach and the lower energy with the beam they move
away from.

Fig. 15-1: Energy Level diagram for 87Rb showing the hyperfine structure of n = 5 levels

An atomic emission line, like the luminescent emission of neon in a neon sign or in a He-Ne laser, is
composed of a narrow range of frequencies
centered the atomic transition frequency n0. There are
two main sources of ‘broadening’ that determine the range of emission frequencies, or spectral width,
. These are: lifetime broadening and Doppler broadening. Sometimes one dominates the results, and
sometimes the other.
Lifetime broadening is a consequence of the Heisenberg Uncertainty Principle applied to the measurements of energy and time. An atomic emission event will have a characteristic lifetime t and, consequently, a range of emission frequencies
where
.

(15-1)

For example, the ! = 1 levels of the 87Rb, spectrum have a lifetime of about 26 ns, and so a bandwidth
Dn ≈ 6 MHz.
Review the Doppler Effect for light in any undergraduate text. The frequency change dn from the
original frequency Dn0 of light emitted from an atom moving at nonrelativistic speed v (relative to the
laboratory frame) is
Experiment 15
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(15-2)

Review the Kinetic Theory of the ideal gas found in Tipler, pp. 500-505, or in another text you are
familiar with. The atoms in an ideal gas with atomic mass M are constantly moving with an average kinetic energy related proportional to the temperature. For a monatomic ideal gas, the root-mean-square
thermal
€ speed is

vrms =

3kT
,
M

(15-3)

Since the atoms could just as likely be moving away or toward the laser, the total Doppler Broadening
linewidth will be twice the Doppler effect of the rms atomic motion, so that the total Doppler-broadened
linewidth is

€

Δν
3kT
≈2
.
ν0
Mc2

(15-4)

The atomic physics principles are covered in Modern Physics textbooks used for Physics 213 like
the one by Serway listed below. The description of the experiment by John Brandenberger has further
details on the Doppler-free spectroscopy experiment.

€Your goal will be to use the tunable diode laser and the Doppler-free spectroscopy technique to record the spectrum of 87Rb, comparing the line separations a-c, d-g, and g-i to a-g. In particular you will
determine the separation g-i, which is labeled “?” on Fig. 15-1. You will also measure the Dopplerbroadened line width (see Eq. 15-4) and the Doppler-Free life-time broadened linewidth and use these to
calculate the gas temperature and excited-state lifetime.
ADDITIONAL READING
Modern Physics, 2nd ed., by R. Serway, C. J. Moses, C. A. Mayer (Saunders, Fort Worth 1997).
External Cavity Tunable Diode Lasers, by A. Mooradian, Micracor, Inc., Acton MA.
Hitachi Opto Data Book, (Hitachi America, 1994).
Lasers and Modern Optics in Undergraduate Physics, J. R. Brandenberger, (Lawrence University,
1989), pp. 48-58.
C. E. Wieman, “Using diode lasers for atomic physics,” Rev. Scientific Instruments 62, 1 (1991).
MacAdam et al., “A narrow-band tunable diode laser system with grating feedback and a saturation absorption spectrometer for Cs and Rb,” American J. of Phys., Vol. 60, pp. 1098 (1992).
C. Wieman, G. G. Flowers, S. Gilbert, “Inexpensive laser cooling and trapping experiment for undergraduate laboratories,” American Journal of Physics Vol. 63, pp. 317-330 (1995).
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PROCEDURE
NOTE: The following procedure is intended for use with the Hitachi model HL7851G laser diode, other
laser diodes will likely have different operating currents, powers, and temperatures. Operation of the
current source is described in the procedure of Experiment 8.
LASER SAFETY NOTE: The tunable diode laser emits light at a wavelength 780 nm with a total
power up to 50 mW and is a Class IIIb laser. Although 780 nm is technically beyond the range of human vision, most people can see a faint spot if the laser is viewed on a white screen. This weak spot is
deceiving because it does not appear very as bright.
ACTIVITY 1: THRESHOLD CURRENT THE DIODE LASER
Equipment: laser diode, current source, temperature controller, power meter, oscilloscope
Set-Up. Always record the resistance of both thermistors and calculate the laser diode (LD) temperature from the resistance of the thermistor mounted closest to the laser. (The thermistor temperature sensors have a resistance that is a function of temperature; the conversion chart should be taped to the top of
the temperature controller.) Preset the temperature controller to keep the base plate at 12.5 °C. Monitor
the thermometer closest to the laser diode (LD) with the multi-meter. Preset the laser drive current limit
to 141 mA. Place the power meter sensor close to the lens to monitor the laser output power.
Connect the ‘Lo’ output of the function generator to the modulation input on the front panel of the
current source and to the channel one (x) input of the oscilloscope. Connect the sync output of the function generator to the trigger input of the oscilloscope. Connect the output of the power meter to the
channel two (y) input of the oscilloscope. Set the oscilloscope in the ‘x-y’ mode. Set the function generator to produce a 25 Hz triangle waveform with zero dc bias and minimum ac output. Enable the current
source and slowly increase the laser diode current until the power reaches 5 mW.
Slowly increase the amplitude of the function generator so the laser current covers the full operating
grange (0 mA-max current) during one cycle. Adjust the oscilloscope so that the screen displays the
complete Power (y)-Current (x) curve on the screen. The oscilloscope trace should look something like
Fig. 8-7. If not, recheck the equipment settings and consult the instructor or TA if necessary.
The intersection of the two line segments is the laser threshold, the current at which the gain exceeds
the loss. The rise in power for currents above the threshold indicates laser action (see Exp. 8). Adjust the
LD current as necessary to keep the threshold near the center of the screen. Adjust the horizontal tilt
knob to further reduce the threshold. Record the threshold current and sketch the waveform in your
notebook. Turn off the LD and disconnect the function generator.
Questions:
1) What is the threshold current of this laser at 20 °C?
2) Calculate the slope efficiency of this laser.
ACTIVITY 2: TEMPERATURE AND CURRENT TUNING OF THE DIODE LASER
Equipment: tunable diode laser system (see activity 1), wavemeter
Direct the output of the tunable diode laser (reflected from the grating) into the fiber-optic input head
of the wavemeter, adjusting the two spots reflected from the input head to fall on opposite sides of the
LD lens. Adjust the steering mirror and input head to optimize the signal power displayed by the wavemeter. Set the wavemeter to display the wavelength in air, averaged. Record the laser output wavelength
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at 7 distinct power levels (measured with the power meter at the lens, before the grating) from 10 mW to
40 mW at each of five base plate temperatures from 5 °C to 25 °C (and record the resistances of both
thermistors at each temperature.) Plot the operating wavelength vs. current for all temperatures (5 lines
on this plot) and the operating wavelength vs. temperature for all currents (7 lines on this plot).
Questions:
1) Calculate the current tuning slope from the plot of wavelength vs. temp. at 30 mW.
2) Calculate the temp. tuning slope from the plot of wavelength vs. current at 15 °C.
3) Calculate the base plate temperature producing 780.0±0.1 nm wavelength at 30 mW.
ACTIVITY 3: GRATING ALIGNMENT AND TUNING
Equipment: tunable diode laser system, function generator, power meter, voltage source, oscilloscope
Aligning. Set the laser base plate to a temperature that will produce 780.0±0.1 nm wavelength at 30
mW output power (measured at the LD lens). Monitor the laser power after reflection from the grating
and set up the function generator and oscilloscope as in Activity 1 to display the laser output near
threshold.
The next task is designed to direct the diffracted beam from the grating back into the laser. Gently
turn the vertical tilt knob on the grating mount back and forth (no more than 1/4 turn in either direction)
and watch what happens to the oscilloscope display. Now adjust the vertical tilt knob to move the
threshold to the left, toward lower current. Adjust the LD bias current as necessary to keep the threshold
near the center of the screen. Now adjust the horizontal micrometer tilt knob to further reduce the
threshold. When the threshold is as low as it will go, record this current in your notebook, it is the
threshold current of the complete, aligned, laser. Adjust the average LD power (measured at the lens) to
30 mW and the function generator amplitude to sweep ±5 mW. Make small adjustments of the pivot
knob (the one behind the grating) to obtain a pronounced stair-step pattern on the oscilloscope.
Turn off the LD and disconnect the function generator. Set the LD to operate at 30 mW and direct
the beam into the wavemeter (you should be operating near 780 nm). Connect the voltage source to the
piezoelectric transducer in the horizontal tilt micrometer. Record the laser wavelength as a function of
piezo voltage in 5 V steps up to 100 (positive) volts. Plot the results.
Questions:
1) Is the new threshold current lower or higher than the threshold Ith of the LD alone, as specified on the label? Explain.
2) Which adjustment has the largest effect on the laser threshold? Explain.
3) What is a possible cause of the “stair-step” pattern in the output above threshold as observed
on the oscilloscope trace?
4) Calculate the piezoelectric tuning slope from a wavelength vs. voltage graph.
ACTIVITY 4: TUNING TO THE RUBIDIUM ABSORPTION LINE AT 780 NM
Equipment: tunable diode laser, current source, Rb vapor cell, beam splitter and mirrors, amplified photodiode, oscilloscope, night-vision scope
Align and adjust the tunable diode laser as in activity 3. Operate it at 30 mA. Arrange the beam splitter, Rb cell, mirrors, and detector as in Fig. 15-2. Be sure that the probe and pump beams overlap in the
cell.

Experiment 15

© 2014 Stephen Ducharme, University of Nebraska

Page 15–5

Physics of Lasers and Modern Optics

Laboratory Manual

Shut off the room lights and view the Rb cell through the image intensifier and make note of the pattern of laser light in the cell. The cell will glow with Rb fluorescence (spontaneous emission) when the
laser is tuned to the atomic Rb (stimulated) absorption resonance, but this resonance is very narrow and
must be searched out by slowly tuning the diode laser. While watching the cell through the night-vision
scope, tune the laser first by slowly increasing the current from 60 mA until a flash of fluorescence is
observed, but no higher than 120 mA. If you reach 120 mA, turn the horizontal tilt knob 1/8 turn CW
and scan the current from 60 mA to 120 mA again. Repeat this procedure until a flash of fluorescence is
observed. This takes patience. Once the fluorescence is observed, alternately adjust the horizontal tilt
knob and the laser current to maximize the fluorescence intensity.
mirror
mirror

pump

.

beam

PD
beam
splitter
Rb Cell
tunable
laser

LD

Figure 15-2: Optical Layout for the Doppler-Free Absorption Experiment

ACTIVITY 5: OBSERVING THE 87Rb HYPERFINE SPECTRUM
Equipment: tunable diode laser, function generator, current source, Rb vapor cell, beam splitter and
mirrors, amplified photodiode, oscilloscope
Align and adjust the tunable diode laser as in activity 3. Operate it at 100 mA. (The function generator should not be connected to the current source, yet.) Arrange the beam splitter, Rb cell, mirrors, and
detector as shown above. Be sure that the probe and pump beams overlap in the cell.
Once the Rb cell is fluorescing strongly, prepare the apparatus as follows: Connect the PZT transducer and channel 1 (x) of the oscilloscope to the output of the function generator. Set the function generator for maximum dc output plus a sine wave at 100 Hz and maximum amplitude (do not let the output
of the function generator output go negative). Center the photodiode on the probe beam after it exits the
Rb cell. Connect the output of the photodiode to the channel 2 (y) input of the oscilloscope and adjust
the x and y scales to display the signal. Set the y scale to AC coupling and maximum sensitivity. Tune
the laser to generate maximize the fluorescence.
The oscilloscope should now display a spectrum with one or two broad absorption lines, possibly
with several narrow saturation dips. The broad absorption lines can be improved by adjustment of the
laser tuning (horizontal tilt and drive current) and the frequency of the function generator. The narrow
saturation dips can be optimized by adjusting the position of the strong pump beam relative to the weak
probe beam. (Note that each time you adjust the horizontal tilt knob, the laser beams move slightly and
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both the detector position and pump beam aiming need adjustment.) Sketch the spectrum displayed on
the oscilloscope. Place an attenuator in the pump beam to reduce its intensity by 50-75% and sketch the
new spectrum.
You should be able to find at least two nearby broad absorption peaks, each of which contain several
Doppler-free peaks when the pump beam is on. Sketch both spectra.
Questions:
1) Are these spectra from 85Rb or from 87Rb? Identify as many of the sharp Doppler-free absorption lines as you can.
2) Calibrate the frequency scale of the observed spectra.
3) Use the scale to calculate the frequency of the unknown transition (“?” in Fig. 12-1).
4) Use the scale to calculate the frequency width DnD and the effective Doppler temperature T.
ACTIVITY 6: RUBIDIUM TRANSMISSION SPECTRUM NEAR 780 NM (OPTIONAL)
Equipment: rubidium (Rb) vapor cell, spectrometer, tungsten lamp, sample compartment
The lamp housing and sample compartment are contained in two separate matching boxes which are
set to the left of the spectrometer. Place the Rb cell in the sample compartment. Connect the PMT to the
picoammeter and the output of the meter to the chart recorder. Set the spectrometer wavelength to 780
nm, the slit width to 50 µm, and adjust the position of the lamp housing to maximize the PMT output.
Record a spectrum from 778 nm to 782 nm at 0.1 Å/s.
Questions:
1) What is your value for wavelength of the peak absorption of the Rb cell? Does this agree
with the expected value or 780 nm? Explain.
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Ellipsometry
EXPERIMENT 16: Liquid Crystal Optics
DESCRIPTION
PURPOSE
Explore the optical properties of liquid crystals (LCs) and LC devices.
TOPICS
Read the Hay article and follow the tutorial at http://abalone.cwru.edu/. The section in Saleh and
Teich gives a brief resume of the main polarization effects.
Liquid crystals are a state of matter distinct from solids, liquids, and gasses. They have some of the
characteristics of solids, including orientational order and partial positional order, but are generally free
to flow like a liquid. These composite properties result in fascinating and useful behavior.
Liquid crystals have interesting phase transitions, structure and other thermodynamic behavior. A
typical liquid crystal will go from a solid at the lowest temperatures, and through one or more liquid
crystal phases (nematic, smectic, or cholesteric) as it is heated and finally to a true liquid (also called
“isotropic) phase at the highest temperatures.
They have strong and unique effects on light polarization and this leads to many and widespread applications of liquid crystals from digital watches to paint-on thermometers.
Liquid Crystal Structures:
Nematic liquid crystals have orientational order only, resembling a collection of pencils in a drawer.
Most LCD watches and displays use nematic crystals arranged in “twist” or “super-twist” configurations.
Smectic liquid crystals have orientational order and are in addition organized into layers. There are
several distinct variations, some having hexagonal ordering in a plane, some having a fixed tilt to
the molecule, and some having chiral (corkscrew-shape) molecules. Many kinds of soap form
smectic liquid crystals.
Cholesteric liquid crystals are composed of chiral (“twisted”) molecules that usually align parallel
to each other. The most common use of cholesteric liquid crystals in making inexpensive thermometers that change color with temperature.
Other important liquid crystalline materials include polymer liquid crystals, polymer-dispersed
liquid crystals, and ferroelectric liquid crystals. Each of these is used or under development for
use in improved LCD displays.
Examples:
MBBA [4-methoxybenzylidene-4´-butylaniline, C18H21NO] is crystalline below 21 °C, nematic
from 21 °C to 35 °C and isotropic above 35 °C.
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ITC-OCH-B [1-isothiocyanato-4-(trans-4-octylcyclohexyl)benzene, C21H31NS] is crystalline below
38.5 °C, nematic from 38.5 °C to 42.5 °C and isotropic above 42.5 °C.
The Cholesteric phase in the following two compounds is “meta-stable” meaning they will eventually revert to crystalline form.
Cholesteryl acetate [C29H48O2] is crystalline below
94.5 °C, melts directly to isotropic when heated above 116.5
°C, becomes cholesteric upon cooling through 116.5 °C,
and returns to crystalline form below 94.5 °C.
O
Cholesteryl olyl carbonate [C46H80O3] is crystalline
O
O
below 20 °C, melts directly to isotropic when heated above
40 °C, becomes cholesteric upon cooling through 40 °C,
and returns to crystalline form below 20 °C.

O
O

O

Optical Properties:
Nematic and smectic liquid crystals generally are birefringent and strongly alter the polarization of
light in transmission. Cholesteric as well chiral nematic and chiral smectic liquid crystals have helical
structure and exhibit circular birefringence properties, causing Bragg reflection of wavelengths equal to
the helix twist length (the distance along the helix for one full twist).
ADDITIONAL READING
Polymers and Liquid Crystals, http://abalone.cwru.edu/, an excellent WEB tutorial on liquid crystals,
physics, optics and applications.
“A Liquid Crystal Primer,” http://liq-xtal.cwru.edu/lcdemo.htm, is another good tutorial on LCs.
“Electro-Optics Experiment on the Web,” http://Alcom.kent.edu/ALCOM/eo/eo_nv2.html, an LCD setup at Kent State University controlled by WWW users.
To learn about state-of-the-art color LCD displays, visit http://www.displaytech.com/.
Electrooptic Effects in Liquid Crystal Materials, L. M. Blinov, V. G. Chigrinov, Partially Ordered Systems (Springer Verlag, New York, 1994).
The Physics of Liquid Crystals, P. G. DeGennes, (Clarenden, Oxford, 1993).
“Liquid Crystal Displays,” by Carl H. Hay, The Physics Teacher, pp. 256-57, April 1981.
Fundamentals of Photonics, by B. A. Saleh and M. C. Teich (Wiley, New York 1991).
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PROCEDURE
ACTIVITY 1: EXAMINE LIQUID CRYSTAL MATERIALS
Equipment: liquid crystal materials, heater, thermocooler, thermometers, polarizers
Examine the liquid crystal materials at various temperatures. The cholesteric compounds should be
placed on black substrates to watch for the characteristic coloration. The nematic compounds shuld be
layered over polarizing reflectors and viewed through a polarizer crossed with the polarized reflector.
Record the melting points and clearing points of each LC.
Questions:
1) Which types of LCs are birefringent?
ACTIVITY 2: SPECTRAL REFLECTIVITY OF CHOLESTERIC LIQUID CRYSTAL THERMOMETERS
Equipment: LCD thermometer, broad-band light source, scanning spectrometer
Illuminate the colored portion of the LCD thermometer and focus the reflected light on the entrance
slit of the spectrometer. Choose an LCD that looks green after illumination with the light source for 30
seconds. Record the reflection spectrum over the range 400-700 nm.
Questions:
1) How would the reflection spectrum change if you used the LCD marked with a higher temperature? a lower temperature?
ACTIVITY 3: VOLTAGE DEPENDENCE OF THE WWW LCD EXPERIMENT
Equipment: desktop computer running Netscape or Internet Explorer on the WWW
Do this activity as homework between lab sessions.
Connect to http://Alcom.kent.edu/ALCOM/eo/eo_nv2.html and perform the “Electro-Optics Experiment on the Web.” Try the experiment with various settings of voltage, frequency, and waveform.
Choose one waveform and frequency and measure the transmission of a nematic liquid crystal display as
a function of bias voltage for 16 data points from 0 V to 15 V. Plot your results and determine the minimum operating voltage from your graph before coming to the second lab session.
Questions:
1) What is the effect of using the different waveforms? Why?
ACTIVITY 4: EXAMINE A NEMATIC LIQUID CRYSTAL CELL WITH APPLIED VOLTAGE
Equipment: Nematic liquid crystal, ITO-coated glass, cover slips, glue, polarizers, function generator
Measure the cover-slip thickness. Assemble the ITO-coated glass with the conducting surfaces facing each other, spaced apart with microscope cover slips. Seal three sides with glue and inject MBBA
through the open side with a syringe. Place the cell between crossed polarizers and view with a microscope or magnifier while applying up to 2 Volts per micron of LC thickness. Vary the voltage and the
polarizer orientation and record your observations. Repeat with ac voltages up to the maximum provided
by the function generator.
Questions:
1) Why use an ac voltage?
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ACTIVITY 6: POLARIZATION PROPERTIES OF A TWISTED NEMATIC LIQUID CRYSTAL
DISPLAY
Equipment: LCD display, He-Ne laser, voltage source, polarizers, PD
Set the LCD display with crossed polarizers and 5 V applied to produce at least one black region.
Shine the laser through the polarizers and the black region onto the PD. Record and plot the transmitted
laser power as a function of voltage from 0 V to 15 V dc. Also note the output polarization state of the
light (linear, elliptical, or circular; which orientation) at several voltages.
Questions:
1) What is the minimum useful operating voltage of the LCD?
2) Does the transmission vary linearly with voltage? Why or Why not?
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EXPERIMENT 17: Advanced Laser Physics
DESCRIPTION
PURPOSE
Learn advanced principles of laser operation.
INTRODUCTION
Topics: atomic absorption and fluorescence, solid-state detectors
Activities: Set up scanning, single-mode, tunable dye laser and measure its absolute wavelength, record
fluorescence from an alkali vapor with a photodiode as laser wavelength is scanned, compare positions
and relative intensities of 2S ® 2P transitions in K, Rb, and Cs. Compare to theory.
Equipment: Single-mode scanning diode laser, alkali vapor cells, photodiode detector, wavemeter, laser
power meter
TOPICS
Dye Lasers
Laser tuning
Transverse and longitudinal laser modes
Pulsed lasers and Q-switching
EQUIPMENT
misc. lasers, spectrum analyzer, power meter, PD
ADDITIONAL READING
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PROCEDURE
ACTIVITIES
Coherence Length of He-Ne Laser
Coherence Length of Diode Laser
Coherence of Extended Source
ACTIVITY 1: COUPLING TO A PLANAR WAVEGUIDE WITH A PRISM
Equipment: He-Ne laser, prism-coupled planar waveguide, multi-axis stage, polarizer.
Set up the laser with vertical polarization. Position the waveguide so that the laser enters one of
Questions:
1) How many different guided modes did you observe with each polarization?
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EXPERIMENT 18: Polarized Laser Spectroscopy
DESCRIPTION
PURPOSE
Explore the physics of the absorption of polarized diode laser light by an atom.
TOPICS
Dipole selection rules, polarized fluorescence, tunable lasers, solid state detectors
ADDITIONAL READING
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PROCEDURE
ACTIVITIES
Set up scanning tunable diode laser, produce desired state of polarization and set wavelength to excite 2S ® 2P transitions in K, Rb, and Cs, record intensity and polarization of fluorescence with a photodiode and polarizers as detection angle is varied relative to laser beam polarization axes. Compare to
theory.
Equipment
Single-mode scanning diode laser, alkali vapor cells, photodiode detector, wavemeter, linear and circular polarizers, cradle to hold detector at different angles
ACTIVITIES
Coherence Length of He-Ne Laser
Coherence Length of Diode Laser
Coherence of Extended Source
ACTIVITY 1: COUPLING TO A PLANAR WAVEGUIDE WITH A PRISM
Equipment: He-Ne laser, prism-coupled planar waveguide, multi-axis stage, polarizer.
Set up the laser with vertical polarization. Position the waveguide so that the laser enters one of
Questions:
1) How many different guided modes did you observe with each polarization?
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EXPERIMENT 19: Laser-Induced-Fluorescence Spectroscopy
DESCRIPTION
PURPOSE
Demonstrate use of laser-induced-fluorescence to examine the structure of alkali atoms.
TOPICS
Dipole selection rules
Polarized absorption
Polarized fluorescence
EQUIPMENT
tunable diode laser, alkali vapor cells, PD, oscilloscope, polarizers, wavemeter
INTRODUCTION
Topics:
atomic absorption and fluorescence, solid-state detectors
Activities:
Set up scanning, single-mode, tunable dye laser and measure its absolute wavelength,
record fluorescence from an alkali vapor with a photodiode as laser wavelength is scanned, compare positions and relative intensities of 2S ® 2P transitions in K, Rb, and Cs. Compare to theory.
Equipment: Single-mode scanning diode laser, alkali vapor cells, photodiode detector, wavemeter,
laser power meter
ADDITIONAL READING
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PROCEDURE
ACTIVITIES
Coherence Length of He-Ne Laser
Coherence Length of Diode Laser
Coherence of Extended Source
ACTIVITY 1: COUPLING TO A PLANAR WAVEGUIDE WITH A PRISM
Equipment: He-Ne laser, prism-coupled planar waveguide, multi-axis stage, polarizer.
Set up the laser with vertical polarization. Position the waveguide so that the laser enters one
Questions:
1) How many different guided modes did you observe with each polarization?
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EXPERIMENT 20: Integrated Optics
DESCRIPTION
PURPOSE
Learn the properties of optical waveguides and modulators.
INTRODUCTION
Read Projects in Integrated Optics, by Sami Hendow, Newport Corporation 1994.
ADDITIONAL READING

PROCEDURE
ACTIVITY 1: COUPLING TO A PLANAR WAVEGUIDE WITH A PRISM
Equipment: He-Ne laser, prism-coupled planar waveguide, multi-axis stage, polarizer.
Set up the laser with vertical polarization. Position the waveguide so that the laser enters one of the
prisms at normal incidence. Record the angle of the rotational stage. Slowly rotate the stage until guided
modes are observed. Record the input and output powers, the direction of polarization, and the angle of
the rotational stage for each guided mode. The screen will show several spots, which are not guided
modes, examine the waveguide and the input and output angle to identify the real guided modes. Repeat
with the laser polarization horizontal.
Questions:
1) How many different guided modes did you observe with each polarization?
2) Why are the angles different for different polarizations?
3) Calculate the efficiency of the waveguide for each mode and polarization.
4) Calculate the effective index of the waveguide. See p. 8 of the manual.
ACTIVITY 2: DIRECT COUPLING TO A CHANNEL WAVEGUIDE
Equipment: He-Ne laser, channel waveguide, 2 microscope objectives, polarizer.
Set up the laser with vertical polarization. Follow the set-up instructions in part 2 of the manual.
Record the input and output power of the laser beam after the system is properly aligned. Move the
waveguide up an down and count the number of channels in its surface. Repeat with the laser polarization horizontal.
Questions:
1) Make a two drawings comparing coupling of laser light into a waveguide and into an optical
fiber. Show the similarities and differences of these two situations.
3) Calculate the efficiency of the waveguide for each polarization.
ACTIVITY 3: STRUCTURE OF THE WAVEGUIDES
Equipment: Channel waveguides, Mach-Zehnder waveguide, microscope.
Examine the two waveguides under the microscope. Sketch and label what you see, comparing to the
diagrams in the manual. Measure the length and width of the M-Z electrodes.
Questions:
1) How many waveguides do you see? How many did you find in activity 2?
Experiment 20

© 2014 Stephen Ducharme, University of Nebraska

Page 20–1

Physics of Lasers and Modern Optics

Laboratory Manual

2) Where is the voltage applied in the M-Z modulator?
3) What is the length LB (= L in the manual) over which the voltage acts? What is the electrode
separation L (= d in the manual)?
ACTIVITY 4: ELECTRO-OPTIC EFFECT IN THE MACH-ZEHNDER WAVEGUIDE
Equipment: Mach-Zehnder waveguide, positioning stage, microscope lenses, function generator, voltmeter, amplified photodiode, power meter.
Follow the set-up instructions in activity 2 to couple the light into the waveguide and isolate the output beam. Record the input and output power of the laser beam after the system is properly aligned.
Measure the output power as a function of dc voltage over the whole range offered by the function generator bias voltage. Plot your results.
Questions:
1) Calculate the electro-optic coefficient r from your measurements.
ACTIVITY 5: MACH-ZEHNDER WAVEGUIDE MODULATOR
Equipment: Mach-Zehnder waveguide, positioning stage, microscope lenses, function generator, voltmeter, amplified photodiode, microphone, speaker, oscilloscope.
Following Activity 4, operate the function generator with a 1 kHz square wave, monitoring the input
and output waveforms on the oscilloscope. Repeat with triangle and sinusoidal waves. Sketch these displays carefully in your notebook. Try different frequencies.
Connect the speaker in parallel with the oscilloscope output and listen to the output. Connect the microphone in place of the function generator. Speak or sing into the microphone, sketch the waveforms on
the oscilloscope and note the sound from the speaker.
Questions:
1) Why do the output waveforms look different from the input waveforms?
2) How do you rate the fidelity of the M-Z modulator compared to the optical fiber?
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